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Preface 
 

The work presented in this Thesis arises from the research done during my doctoral 

studies, made possible by Fundação para a Ciência e a Tecnologia (FCT), Ministério da 

Ciência, Tecnologia e Ensino Superior (MCTES), Portugal, which provided me the PhD 

fellowship SFRH/BD/84414/2012. This project was developed between 2013 and 2017. It 

was a great honor for me to belong to the Doctoral Programme of Centro Académico de 

Medicina de Lisboa (CAML), shared between Instituto de Medicina Molecular (iMM, 

Lisbon, Portugal), Faculdade de Medicina da Universidade de Lisboa (FMUL, Lisbon, 

Portugal) and Centro Hospitalar Lisboa Norte (CHLN, Lisbon, Portugal). I am gladly part of 

Nuno C. Santos’ Lab team, where most of this PhD Thesis work took place, under the 

supervision of Prof. Nuno C. Santos and co-supervision of Prof. Filomena A. Carvalho. Part 

of this work was also carried out on the Thrombosis and Tissue Repair Group, headed by 

Prof. Robert Ariёns, at the Division of Cardiovascular and Diabetes Research, Leeds 

Institute of Cardiovascular and Metabolic Medicine and Multidisciplinary Cardiovascular 

Centre, Faculty of Medicine and Health, University of Leeds, United Kingdom.  

This study is a direct follow-up of one of the research lines that was ongoing at the 

iMM Lab when I started my PhD project, in 2013. Before that, I started my research at 

Nuno C. Santos’ Lab with a 6 months fellowship. It was in a different research field, but 

for me it was an excellent opportunity to learn completely new methodologies. 

Until that moment, the fibrinogen-erythrocyte binding had been studied in our Lab 

only in healthy donors and Glanzmann thrombasthenia patients. Prof. Nuno C. Santos 

proposed me to follow these interactions in different cardiovascular pathologies. To 

perform this, I had the opportunity to closely collaborate with clinicians from different 

services of two different hospitals in Lisbon: Hospital Pulido Valente and Hospital de 

Santa Maria. I could learn from them the complications associated to those pathologies, 

as well as the patients’ suffering. This encouraged me to work hard every day as a 

challenge to learn and help in some way. Two of the main outcomes of this study were 

the following articles and one manuscript: 
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 Guedes AF, Carvalho FA, Malho I, Lousada N, Sargento L, Santos NC. (2016) 

Atomic force microscopy as a tool to evaluate the risk of cardiovascular diseases 

in patients. Nature Nanotechnology 11(8): 687-92. doi: 10.1038/nnano.2016.52. 

Impact Factor 2016: 38.986; 

 

 Guedes AF*, Carvalho FA*, Moreira C, Nogueira JB, Santos NC. (2017) Essential 

arterial hypertension patients present higher cell adhesion forces, contributing 

for fibrinogen-dependent cardiovascular risk. Nanoscale 9: 14897-14906. doi: 

10.1039/c7nr03891g. Impact Factor 2016: 7.367 (*co-first authors); 

 

 Guedes AF, Moreira C, Nogueira JB, Santos NC, Carvalho FA. Fibrinogen-

erythrocyte binding and hemorheology measurements on the assessment of 

essential arterial hypertension patients (submitted). 

 

A better understanding of a scientific topic usually raises new questions, doubts and 

hypotheses to be answered. This way, I went to Leeds during 4 months to improve the 

knowledge regarding the fibrin clot structure and its properties. It was also our aim to 

produce several fibrinogen mutants (either recombinants or isolated from commercial 

plasma) to better understand the specific binding sites of fibrinogen to interact with 

erythrocytes. The impact of the presence of different fibrinogen variants and erythrocytes 

on blood clots was also studied. To reach these goals, I learned and applied new 

methodologies and techniques, which were not available at iMM. Prof. Robert Ariёns and 

his team gave me the best conditions for developing our research goals. Moreover, we 

tried to find out which could be the receptor for fibrinogen on the membrane of 

erythrocytes and understand its binding mechanism, in order to overcome erythrocyte 

hyperaggregation that could lead to cardiovascular complications. The results from these 

research lines are now included in articles or manuscripts. Some of them were already 

published and others submitted or ready to be submitted (here included as Chapters of 

this Thesis). All of them are the result from collaborative work. The authors of each 

article/manuscript and their contributions are listed on each Chapter. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Carvalho%20FA%5BAuthor%5D&cauthor=true&cauthor_uid=27183056
https://www.ncbi.nlm.nih.gov/pubmed/?term=Malho%20I%5BAuthor%5D&cauthor=true&cauthor_uid=27183056
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lousada%20N%5BAuthor%5D&cauthor=true&cauthor_uid=27183056
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sargento%20L%5BAuthor%5D&cauthor=true&cauthor_uid=27183056
https://www.ncbi.nlm.nih.gov/pubmed/27183056


 
 

xix 
 

 

 Guedes AF, Carvalho, FA, Domingues M, Macrae FL, McPherson H, Santos NC, 

Ariёns R. (2018) Sensing adhesion forces between erythrocytes and γ’ fibrinogen, 

modulating fibrin clot architecture and function. Nanomedicine: 

Nanotechnology, Biology and Medicine 14(3):909-918. doi: 

10.1016/j.nano.2018.01.006. Impact Factor 2016: 5.720; 

 

 Guedes AF, Carvalho, FA, Domingues M, Macrae FL, McPherson H, Martins IC, 

Duval C, Santos NC, Ariёns R. Impact of γ’γ’ fibrinogen interaction with red blood 

cells on fibrin clots (submitted). 

 

 Carvalho FA*, Guedes AF*, Duval C, Macrae FL, Swithenbank L, Farrell D, Robert 

A, Santos NC. (2018) The 95RGD97 sequence on the Aα chain of fibrinogen is 

essential for binding to its erythrocyte receptor. International Journal of 

Nanomedicine 13:1985-1992. doi: 10.2147/IJN.S154523. Impact factor 2016: 

4.300 (*co-first authors). 

 

It is worth mentioning that, during these years, I have learned and applied several 

biophysical and molecular biology approaches to reach our goals. I would like to 

emphasize the work done and the results we obtained with a powerful and versatile 

nanotool – Atomic Force Microscopy (AFM) – but others are also mentioned throughout 

this Thesis. Some of these methodologies were completely new for me, since my basic 

formation is in the Genetics field. In fact, this knowledge provided me a great awareness 

of the importance of these studies and it had a big impact on my personal scientific 

growth. 

Another advantage of my work is that, over these years, I had the opportunity of 

travelling all over the world. I had the privileged of participating in 15 international and 10 

national scientific conferences, as well as 18 advanced courses or workshops, doing 12 

oral communications (one of them receiving the best oral communication award) and 

presenting 13 posters (one of them receiving the best poster award). To enable the 

participation on some of these conferences, I received several grants from different 

scientific societies or international associations: European Foundation for Clinical 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Carvalho%20FA%5BAuthor%5D&cauthor=true&cauthor_uid=27183056
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guedes%20AF%5BAuthor%5D&cauthor=true&cauthor_uid=27183056
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sargento%20L%5BAuthor%5D&cauthor=true&cauthor_uid=27183056
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Nanomedicine, International Fibrinogen Research Society, Sociedade Portuguesa de 

Biofísica,  Sociedade de Biofísica de España, Sociedade Portuguesa de Bioquímica, 

Sociedade Brasileira de Bioquímica e Biologia Molecular, Federation of European 

Biochemical Societies, International Union for Pure and Applied Biophysics, Biophysical 

Society (USA) and European Cooperation in Science and Technology. The participation on 

those scientific events allowed me to be updated on the most recent advances on 

different research fields and to contact with scientists from other countries, with different 

backgrounds and interests. The participation on these congresses was an opportunity to 

present and discuss our work and share opinions with other researchers. Other 

presentations related to this work were also held by my supervisors and our 

collaborators. Further information on this is detailed on my Curriculum Vitae. I also 

received the “Prémio Jovem Biofísico 2016” from the Sociedade Portuguesa de Biofísica 

and “Prémio Pulido Valente Ciência 2017” from Fundação para a Ciência e Tecnologia and 

Fundação Professor Francisco Pulido Valente. 

During my PhD studies, I have also collaborated with other groups, from iMM (Dr. 

Luisa Figueiredo’s Lab, on a project of Dr. João Rodrigues, and with Prof. João Eurico 

Fonseca’s Lab, on a project of Dr. Bruno Vidal) and from other institutions, namely, 

Instituto de Patologia Molecular e Imunologia – IPATIMUP / I3S (with Dr. Joana Paredes), 

Instituto de Higiene e Medicina Tropical – IHMT (with Dr. Ana Paula Arez). I was also 

involved in other international collaborations, namely with the Department of Medical 

Physics, M. Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland 

(with Prof. Ewa Stępień) and with the Departament of Pathology and Laboratory 

Medicine, University of North Carolina School of Medicine, Chapel Hill, North Carolina, 

USA (with Prof. Alisa Wolberg). However, as the results obtained under the framework of 

these collaborations are not part of my PhD project, they were not included in this Thesis. 

Nevertheless, one of them, on the impact of P-cadherin and SFK activation on cell-cell 

biomechanical properties, done in collaboration with IPATIMUP, University of Porto, lead 

already to an article published on Nanoscale. On those projects, I was involved on the 

application of atomic force microscopy, namely, force spectroscopy and imaging, and on 

AFM data treatment. 

During my PhD, I was also involved on the writing of research funding applications. 

Additionally, I had the opportunity to co-supervise two Medical doctor students and 

http://iupab.org/
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monitor three Master students in our Lab, which was very challenging and rewarding for 

me.  

The main results obtained during my PhD are compiled in this Thesis, composed by 

six central chapters, which are based on the inclusion of the content of the above 

mentioned articles or manuscripts, preceded by an overview explaining their context and 

declarations of authorship. In each chapter, I considered the manuscripts autonomous 

units, as they have their own sections, figure numbering and references. The work 

conducted is presented sequentially, but not in a chronological order. Three more 

chapters complete this Thesis: one with the state of the art, another with preliminary 

results from an ongoing project in the lab and the last one with the general conclusions.  

Chapter I is an introductory section focusing on the current state-of the art on the 

most relevant topics related with the main aims of this Thesis. The following chapters 

contain the original research manuscripts. Chapter II is focused on the molecular 

mechanisms underpinning the effects of the γ’ fibrinogen heterodimer together with 

erythrocytes on fibrin clot structure, in terms of biophysical, viscoelastic and permeability 

properties that can modulate its function. Most of this work was developed abroad, 

during my stay at the University of Leeds (UK). This paper was published in Nanomedicine: 

Nanotechnology, Biology and Medicine. In Chapter III, we wanted to assess the impact of 

homodimeric γ’ fibrinogen on erythrocyte binding, as well as, on blood clot structure. 

Most of this work was also developed at the University of Leeds. Chapter IV reports 

mainly our new advances on the study of the protein binding sites involved on the 

interaction between fibrinogen and erythrocytes. This paper was published in 

International Journal of Nanomedicine. Chapter V details the use of atomic force 

microscopy as a tool to evaluate the risk for cardiovascular diseases in chronic heart 

failure patients, the focus of our study. This paper was also already published in Nature 

Nanotechnology. The following Chapter VI is centered on the assessment of the binding 

between fibrinogen and the erythrocyte receptor as cardiovascular risk factor in essential 

arterial hypertension patients. Chapter VII addresses the influence of fibrinogen 

molecules on erythrocyte aggregation in cardiovascular diseases. Here, we also evaluated 

how γ’ fibrinogen is altered in these pathologies and whether this variant could be 

considered a new marker for cardiovascular risk. This paper was already published in 

Nanoscale. Chapter VIII contains our preliminary results on the interactions between 
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fibrinogen and erythrocytes and changes on hemorheological parameters in patients who 

suffered a stroke. Finally, Chapter IX discusses the major findings of this Thesis, 

generating new hypotheses and opening new future directions for the research in this 

field. 

I hope the results described in my PhD Thesis could be a good contribution to the 

advances on the research in cardiovascular medicine and could help clinicians to improve 

patients’ life.  
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Abstract 
 

Cardiovascular diseases (CVD) are the major cause of death worldwide. The 

evaluation of new risk factors can help to identify individuals at higher risk. Erythrocyte 

aggregation is one of the indicators of cardiovascular risk, which seems to be influenced 

by high plasma fibrinogen levels. This acute plasma protein has an alternatively spliced γ-

chain variant (γ’ fibrinogen) that has been particularly associated with altered structure or 

properties of the clots and with increased cardiovascular risk. However, this association 

has been controversial and the molecular mechanisms are not clear. Based on these 

findings, we studied how fibrinogen and its variants interact with erythrocytes, and how 

this binding influences erythrocyte aggregation and fibrin clot properties. After the 

evaluation and characterization of the fibrinogen-erythrocyte binding in healthy subjects, 

the main goal of this Thesis was the study of fibrinogen-erythrocyte binding in patients 

with different cardiovascular and cerebrovascular diseases, as a clinical risk factor, trying 

to understand the impact of the presence of fibrinogen on erythrocyte aggregation. 

Clinical and hemorheological profiles, and the changes on γ’ fibrinogen levels associated 

to CVDs were also evaluated. 

To reach our goals, different experimental approaches were performed, including 

atomic force microscopy-based force spectroscopy, magnetic tweezers, ELISA assays, 

confocal and scanning electron microscopy, hemorheological methodologies and clot 

permeability studies. Patients with chronic heart failure (CHF), essential arterial 

hypertension (EAH) and stroke were enrolled in this study. Results were correlated with 

patient’s clinical profile. 

Our conclusions are that erythrocytes triggered variability in the fibrin network 

structure, in the individual fiber characteristics and overall clot properties. The presence 

of γ’ chain on the fibrinogen molecule, even combined with γA chain, altered the clot 

structure. Thus, clots with γAγ’ fibrinogen might interact differently with erythrocytes, 

potentially increasing the risk of thrombosis. 

Addressing our main goal, we found, at the single-molecule level, that fibrinogen-

erythrocyte binding forces were higher in EAH, CHF and stroke patients, when compared 

with the control group, despite of a lower binding frequency. This transient binding is not 
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enough to form a clot, but it could lead to changes on whole blood flow, representing a 

cardiovascular risk factor. Moreover, a 12-month clinical follow-up showed that CHF 

patients with higher fibrinogen-erythrocyte binding forces had a significantly higher 

probability of being hospitalized due to cardiovascular complications in the following 

year, pointing out the value of this approach for clinical prognosis. Importantly, we also 

showed that erythrocytes from EAH patients adhere more than those from the control 

group. Upon increasing fibrinogen concentration, there was an increase in the work and 

force necessary for cell-cell detachment, both on healthy donors and EAH patients, 

showing the importance of this plasma protein on the adhesion between these cells. 

Changes on hemorheological profiles were found in patients compared to the control 

group. γ’ fibrinogen levels were higher in patients than in healthy donors, which is 

indicative of an increased cardiovascular risk. Thus, these results are relevant to conclude 

on the degree of pathophysiological relevance of fibrinogen and erythrocyte aggregation, 

since an increment on both might induce a state of microcirculatory slower flow, 

increasing the probability of cardiovascular complications. Moreover, it was concluded 

that the specific receptor of fibrinogen on erythrocyte membrane is the integrin v3 and 

the 94RGD97 sequence on the A-chain of the fibrinogen is one of the essential binding 

sites.  

These results, together with future studies, will be important to discover 

therapeutic drugs in order to overcome the erythrocyte aggregation promoted by the 

fibrinogen-erythrocyte binding and, thus, reduce the possibility of cardiovascular events. 
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Resumo 
 

As doenças cardiovasculares (CVDs) representam a principal causa de morte a nível 

mundial. Estudos longitudinais têm evidenciado o papel de novos fatores de risco 

cardiovascular, cuja avaliação a curto ou longo prazo poderá contribuir para a 

identificação de indivíduos com risco elevado, prevenindo eventos cardiovasculares. 

Facilitará também a identificação de indivíduos que melhor poderão beneficiar de futuras 

intervenções terapêuticas. O controlo de doenças cardiovasculares está direcionado para 

a identificação e gestão de fatores de risco, tanto a nível individual como populacional, 

através da prevenção primária e secundária. Apesar dos avanços científicos e clínicos 

nesta área, a mortalidade e morbilidade permanecem, no entanto, com elevadas taxas.  

O fibrinogénio é a terceira proteína mais abundante no plasma humano, cujos 

níveis, em condições normais podem variar entre 1.5 e 4.0 g/L. É uma glicoproteína com 

340 kDa, constituída por dois domínios idênticos, cada um constituído por três 

polipéptidos (cadeias Aα-alfa, Bβ-beta e γ-gama). Elevados níveis plasmáticos de 

fibrinogénio têm sido associados a alterações das propriedades reológicas do sangue, tais 

como, a viscosidade sanguínea, a agregação e a deformabilidade eritrocitária, que 

poderão ser a causa ou o efeito do desenvolvimento e/ou progressão das doenças 

cardiovasculares e cerebrovasculares. O papel dos eritrócitos na hemostase e trombose 

tem atraído recentemente nova atenção, uma vez que a agregação eritrocitária parece 

ser um indicador importante de risco cardiovascular. Assim, a relação entre o fibrinogénio 

e o aumento da agregação eritrócitária poderá ser um importante biomarcador de 

avaliação do risco de eventos cérebro-cardiovasculares. 

O plasma sanguíneo contém diferentes variantes do fibrinogénio, merecendo 

destaque o fibrinogénio γ’. As mutações do fibrinogénio γ’ ocorrem com maior frequência 

apenas numa das cadeias gama da estrutura proteica, formando o heterodímero γA/γ’, 

correspondente a 8-15% do fibrinogénio total circulante in vivo. A variante de 

fibrinogénio γ’ surge de uma alteração de splicing da cadeia gama do RNA mensageiro, 

resultando na substituição dos últimos 4 resíduos de aminoácidos (AGDV) da cadeia γA 

por uma sequência de resíduos de 20 aminoácidos (VRPEHPAETEYDSLYPEDDL), que inclui 

uma elevada proporção de resíduos carregados negativamente. Níveis elevados desta 

variante de fibrinogénio têm sido associados a alterações na estrutura e propriedades dos 
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coágulos de fibrina. No entanto, a sua interação com os eritrócitos assim como os 

mecanismos moleculares associados ao risco cardiovascular são ainda assuntos 

controversos. 

O trabalho descrito nesta tese inicia-se com o estudo das variantes de fibrinogénio 

em termos de interação com os eritrócitos, estrutura e propriedades dos coágulos. 

Pretendeu-se também avaliar os locais de ligação entre a molécula de fibrinogénio e os 

eritrócitos e definir qual o recetor na membrana dos eritrócitos responsável por esta 

ligação. Estudos anteriores publicados no grupo tinham demonstrado que o recetor do 

fibrinogénio no eritrócito é uma integrina com uma subunidade β3. Após a avaliação da 

ligação fibrinogénio-eritrócito em dadores saudáveis, o principal objetivo desta tese 

centrou-se no estudo detalhado das interações fibrinogénio-eritrócito em doentes com 

patologia cardíaca ou cerebrovascular. A avaliação da adesão eritrócito-eritrócito, de 

modo a compreender a influência do fibrinogénio na agregação eritrocitária e a possível 

alteração desta adesão em condições patológicas, foi também um dos principais objetivos 

desta tese. Desta forma, diferentes doenças foram estudadas no decorrer deste projeto, 

tais como a insuficiência cardíaca crónica (CHF), hipertensão arterial essencial (EAH) e o 

acidente vascular cerebral. Avaliou-se a interação molecular entre o fibrinogénio e os 

eritrócitos como fator de risco de doença, fazendo também um estudo com base no 

seguimento e avaliação clínica dos doentes (follow-up), em estreita colaboração com 

clínicos de diferentes especialidades e hospitais. Os parâmetros hemoreológicos do 

sangue, assim como os perfis clínicos, foram igualmente avaliados. Adicionalmente, 

procedeu-se à avaliação das propriedades viscoelásticas dos eritrócitos de doentes, 

comparando-as com as de dadores saudáveis. A avaliação da concentração de 

fibrinogénio γ’ no plasma sanguíneo, em doentes e dadores saudáveis, foi também objeto 

de estudo.  

Durante o desenvolvimento desta tese, foram aplicadas diferentes técnicas e 

metodologias, de forma a alcançar os objetivos propostos. Salienta-se o uso da 

microscopia de força atómica (AFM), essencialmente através de metodologias de 

espectroscopia de força, que permitiu avaliar a ligação fibrinogénio-eritrócito e a adesão 

eritrócito-eritrócito. Também foram utilizadas outras técnicas biofísicas, hemoreológicas 

e de biologia molecular, entre outras. 
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Os resultados mostraram que a presença de eritrócitos e da variante do 

fibrinogénio γ’, mesmo combinada com a variante mais comum, γA, promove alterações 

na ligação aos eritrócitos e na estrutura e propriedades dos coágulos. Em particular, 

observou-se que era necessária maior força para a completa separação entre dois 

eritrócitos quando na presença do fibrinogénio γAγ’ do que na presença do fibrinogénio 

γAγA. Esta interação entre os eritrócitos e o fibrinogénio γAγ’ conduziu a alterações na 

estrutura e propriedades da fibrina, formando uma estrutura heterogénea, com áreas 

muito densas e ramificadas, o que poderá conduzir ao aumento do risco de doença 

cardiovascular e/ou à sua progressão. A presença dos eritrócitos em coágulos com 

fibrinogénio γAγ’ alterou também as propriedades viscoelásticas do coágulo, 

apresentando-se com maior rigidez, menor permeabilidade e maior resistência à sua lise. 

Também a fibrinólise nos coágulos com o fibrinogénio recombinante γ’γ’, quando na 

presença de eritrócitos, demorou significativamente mais tempo do que na ausência 

destas células. 

Sendo o principal objetivo desta tese, a avaliação da interação fibrinogénio-

eritrócito em diferentes patologias, fez-se um estudo a nível de molécula única, 

concluindo-se que há um aumento da força necessária para quebrar a ligação entre a 

proteína (fibrinogénio) e as células (eritrócitos) nas várias CVDs estudadas 

comparativamente ao grupo de controlo. Nos doentes com insuficiência cardíaca, fez-se 

um estudo de seguimento clínico durante 12 meses e observou-se que os doentes que 

apresentaram no início do estudo uma maior força de interação entre o fibrinogénio e os 

eritrócitos, tiveram maior probabilidade de serem hospitalizados devido a complicações 

cardiovasculares, ao longo do ano seguinte. A ligação transiente entre esta proteína e 

eritrócitos não é suficiente para a formação de um coágulo, mas poderá conduzir à 

agregação eritrocitária induzindo uma alteração no fluxo, tornando-o mais lento e 

aumentando assim o possível risco de eventos cardiovasculares. Concluindo, a ligação 

fibrinogénio-eritrócito representa um possível fator de risco para a ocorrência de eventos 

cardiovasculares e para um mau prognóstico da doença. 

Considera-se que um estudo mais alargado de doentes, assim como a avaliação de 

outras patologias cardiovasculares, poderá contribuir para uma melhor definição da 

aplicabilidade e impacto desta metodologia ao nível clínico. 
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Os resultados de adesão célula-célula mostraram que os eritrócitos dos doentes 

com hipertensão arterial essencial têm uma maior força de ligação intercélula que os dos 

dadores saudáveis, sendo esta adesão progressivamente maior com o aumento da 

concentração do fibrinogénio plasmático. Alterações nos parâmetros hemoreológicos 

(viscosidade total do sangue, agregação eritrocitária, hematócrito ou deformabilidade 

eritrocitária) foram também observadas nos vários grupos de doentes estudados. 

Especificamente, verificou-se que os doentes com insuficiência cardíaca apresentam uma 

maior viscosidade sanguínea, comparativamente ao grupo de controlo. Estes doentes 

mostraram também maior deformabilidade eritrocitária que os dadores saudáveis em 

baixas tensões de cisalhamento e menor deformabilidade a elevadas tensões de 

cisalhamento, o que poderá comprometer a microcirculação. A elasticidade dos 

eritrócitos foi também avaliada, observando-se diferenças estatisticamente significativas 

em doentes (CHF, EAH e acidente vascular cerebral) comparativamente aos dadores 

saudáveis. A quantificação do fibrinogénio γ’ no plasma de doentes com patologia 

cardíaca (EAH) ou cerebrovascular (acidente vascular cerebral) mostrou-se também 

relevante, dado o incremento observado dos valores nestes doentes comparativamente 

aos dadores saudáveis, revelando-se um potencial fator de risco a ser futuramente 

ponderado ao nível clínico. A identificação do recetor específico para o fibrinogénio na 

membrana eritrocitária (a integrina αvβ3), assim como a caracterização da sequência 

94RGD97 como um possível local de ligação entre a proteína e a célula, poderão abrir 

novas portas para o futuro desenvolvimento de fármacos que impeçam a ligação 

fibrinogénio-eritrócito, associada ao aumento da agregação eritrocitária. Esta estratégia 

poderá ter um grande impacto na redução ou prevenção de doenças cardiovasculares, 

com consequente impacto no aumento da esperança de vida. 
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Symbols and abbreviations  
 

The acronyms used are described on first usage and whenever seemed necessary to 

improve clarity. Common acronyms, scientific or not (such as “UK”) are not expanded. 

Amino acid residues are generally indicated using the one-letter code. 

ACE | Angiotensin-converting enzyme 

AFM  Atomic force microscopy 

AHA  American Heart Association 

APTES  3-aminopropyl-triethoxysilane 

BHK  Baby hamster kidney cell line 

BP  Blood pressure  

BSGC  Buffered saline glucose citrate 

CAML  Centro Académico de Medicina de Lisboa 

CHF  Chronic heart failure 

CHLN |Centro Hospitalar Lisboa Norte 

CHO  Chinese hamster ovary cells 

ConA  Concanavalin A  

CVD  Cardiovascular diseases 

DBP  Diastolic blood pressure 

DVT  Deep vein thrombosis 

EA  Erythrocyte aggregation 

EAH  Essential arterial hypertension 

EDTA  Ethylenediaminetetraacetic acid 

EEIs | Erythrocyte elongation indexes 

EF  Ejection fraction 

ELISA   Enzyme-linked immunosorbent assay 



 
 

xxxvii 
 

ESC  European Society of Cardiology 

FCT  Fundação para a Ciência e Tecnologia 

FMUL  Faculdade de Medicina da Universidade de Lisboa 

G’  Storage modulus 

G’’  Loss modulus 

HR  Hazard ratio 

iMM  Instituto de Medicina Molecular 

IPST  Instituto Português do Sangue e da Transplantação 

ISTH  International Society on Thrombosis and Hemostasis  

I-TASSER  Iterative threading ASSEmbly refinement (server for protein structure and 

function prediction) 

Ks  Darcy constant 

LDH  Lactate dehydrogenase 

LSCM  Laser scanning confocal microscopy 

LV | Left ventricular 

MCTES  Ministério da Ciência, Tecnologia e Ensino Superior 

NHYA  New york heart association functional classification 

NT-ProBNP | N-terminal pro-brain natriuretic peptide 

OR  Odds-ratio 

PBS  Phosphate-buffered saline  

PDB  Protein data bank 

PLL  Poly-L-lysine  

PNH  Paroxysmal nocturnal hemoglobinuria 

PTX3  Acute-phase include pentraxin 3 

PMSF  Phenylmethylsulfonyl fluoride  

RBC  Red blood cell 
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RDW  Red blood cell distribution width 

RGD  Arginine-glycine-aspartate sequence 

Rh  Recombinant human fibrinogen 

SBP  Systolic blood pressure 

SD  Standard deviation 

SEM  Scanning electron microscopy 

SEM  Standard error of mean: SD/   

SPM  Scanning probe microscopy  

STM  Scanning tunneling microscopy  

Tan δ  Loss tangent or damping factor 

TBS | Tris buffered saline 

tPA  Tissue-type plasminogen activator 

UCSF  University of Califórnia at San Francisco 

WHO  World Health Organization 

WT  Wild-type 
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Chapter I ▫ 

Introduction  

Fibrinogen: from the interaction with erythrocytes  

to its influence on cardiovascular disease 
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Overview 

 

Fibrinogen and fibrin are essential for hemostasis, but they are also major factors in 

thrombosis, wound healing and several other biological functions and pathological 

conditions. Little is known about mechanisms regulating the interaction between 

fibrinogen and erythrocyte and how this protein-cell interaction contributes to a state of 

slower microcirculatory flow, increasing the probability of cardiovascular complications. 

This Chapter reviews the state of the art about the role of fibrinogen and its properties, as 

well as its protein variants, on the structure of the blood clot, and also on the 

development and progression of cardiovascular pathologies. The concepts about the 

binding between the erythrocyte receptor and fibrinogen are also a relevant key point in 

order to find strategies to inhibit it. Here, we also want to focus on the importance of 

emerging biomarkers, having in mind to encourage healthcare services to improve 

laboratory methodologies in early diagnosis as well as to implement a more precise 

evaluation of the patients’ risk in order to establish a successful prognosis (Figure 1).  

 

Figure 1  Flowchart of the introduction. Schematic representation of the main 

topics addressed in the state of the art. 
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Human fibrinogen biology and structure 

 

Being an essential protein for hemostasis, fibrinogen is also the third most 

abundant of all human plasma proteins (after albumin and the immunoglobulins). In 

healthy individuals, fibrinogen circulates in plasma at concentration between 1.5–4 g/L1-3, 

being the liver the primary source of this protein3. However, its concentration can exceed 

7 g/L during acute inflammation in response to injury. Due to interleukin-6 and other 

cytokines, fibrinogen gene promoters rapidly increase gene transcription, leading to 

higher circulating fibrinogen levels4, 5. Therefore, fibrinogen is considered as an acute 

phase protein6. It is important to note that its concentration can also be influenced both 

by environmental and genetic factors7-9. The levels are also known to differ between 

Caucasian and African-Americans, as well as with Africans, being higher levels observed in 

the Black ethnicities10, 11.  

Three quarters of this protein is present in plasma, but it is also present in lymph, 

interstitial fluid and platelets. The normal half-life of fibrinogen is around 3-5 days12. In 

hepatocytes, in the rough endoplasmic reticulum, its chains are synthesized and, after 

being properly assembled, fibrinogen is secreted into the blood stream13 (Figure 2). 

 

Figure 2  Schematic diagram of the synthesis and expression of fibrinogen. 

Fibrinogen synthesis, which occurs primarily in hepatocytes, is regulated by 
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transcriptional and translational mechanisms. After the six chains are translated, the 

assembly takes place in a stepwise manner in which single chains assemble first into Aα-γ 

and Bβ-γ complexes, then into Aα/Bβ/γ half molecules and finally into hexameric 

complexes Aα/Bβ/γ2. Once fibrinogen is released into blood, it circulates until thrombin 

cleaves fibrinopeptides from Aα and Bβ chains to form fibrin monomers14. Detailed 

information about this process is described on the following pages. 

 

Fibrinogen, as a particular and large protein, has a length when stretched of about 

80 nm15, 4 nm in diameter and a molecular mass of 340 kDa16. It is composed of three 

globular regions, namely, a central region, E, connected by a coiled-coil segment to two 

identical terminal regions, D, as shown in Figure 3. They are grouped in a pair of three 

polypeptide chains linked by several disulfide bridges, to form two symmetrical half-

molecule. The chains are composed by 2 Aα, 2 Bβ and 2 γ polypeptide chains. All these 6 

fibrinogen chains are assembled with their N-termini located in a central E region17-19. The 

Bβ and γ chains terminate in globular regions known as βC and γC modulus, respectively. 

These domains collectively comprise the D regions. The Aα chains are the largest. At the 

end of the coiled-coil region, each chain extends into a highly flexible series of repeats, 

followed by globular αC regions20. 

 

 

Figure 3  Representation of the human fibrinogen molecule. Fibrinogen occurs as a 

symmetric dimer, where each monomer is constituted of three non-identical polypeptide 

chains, Aα, Bβ and γ, linked together by a total of 29 disulphide bonds. The domain is 

constituted by: D-coil-E-coil-D. The C-terminal of the Aα chain extends, at each end, 

beyond the D region as an extend protuberance that is important for cross-linking the 

molecule.  Modified from PyMOL: 3GHG20, 21.  
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The Aα chains contain fibrinopeptides A and the Bβ chains have fibrinopeptides B. 

The γ chain does not have any kind of fibrinopeptides. Concerning these chains, Aα chain 

has 610 amino acid residues and 70 kDa, Bβ chain has 461 amino acid residues and 56 

kDa and γ chain has 411 amino acid residues and 48 kDa. These same chains are encoded 

by distinct closely linked genes, namely, FGA, FGB, and FGG, clustered on human 

chromosome 4 (4q31.3)22, 23.  

The structure of fibrinogen could be changed even after it has been secreted into 

the blood, once fibrinogen undergoes a number of co-translational and pos-translational 

modifications (such as, glycosylation and proteolysis)24. Additionally, since fibrinogen is a 

six-chain molecule containing two copies each of the Aα, Bβ, and γ chains, several 

combinations of altered chains can be assembled resulting from heterozygous 

polymorphisms or mutations. Polymorphic variations in both Aα and Bβ chains have been 

described, suggesting that there are more than a million non-identical forms in a healthy 

individual as a result of the different combinations of modified or inherently polymorphic 

sites25, 26. Single nucleotide polymorphisms on fibrinogen have been shown to account for 

approximately 1.4–3.8% and 2% of variance in total fibrinogen levels in African-

Americans27, 28 and non-Hispanic blacks29, respectively, which tend to be mostly lower27, 28 

when compared to the contribution in white populations, which range is 1-6 to 15%27, 28. 

Genetic polymorphisms do not only affect the concentration of fibrinogen, but can also 

change their functionality leading to an altered blood clot30. 

Due to important role of fibrinogen in the coagulation process, it is perhaps 

surprising that patients with deficiencies on this protein, either quantitatively (hypo- and 

a-fibrinogenemia) or qualitatively (dysfibrinogenemia) can be symptomless, but they also 

can present bleeding or even thrombosis31-34. It was reported that around 30% of patients 

with fibrinogen deficiency present thrombosis, and this percentage may even be higher in 

patients with afibrinogenemia33. As the causes for this variable clinical phenotype of 

fibrinogen deficiency remain unclear35, a better understanding of the structure and 

function of the molecule, especially in pathological processes is still necessary. 
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Alternatively spliced fibrinogen variant γ’  
 

In the plasma, a highly heterogeneous mixture of fibrinogen variants can be 

detected. Alternative mRNA processing and post-translational modifications give rise to 

different fibrinogen isoforms with widely varying features36. Particularly, the fibrinogen γ 

chain has two different isoforms, the γA (or simply γ) isoform and the γ' (or γB) isoform37. 

In 1972, Mosesson et al. discovered a variant of the γ-chain with a higher molecular 

weight, which recently received more attention37. They also showed that fibrinogen’s 

heterogeneity in size and charge was due to this minor variant of the γ chain37. γ’ 

fibrinogen is a variant that arises from altered splicing of the γ-chain mRNA, leading to a 

bulky structure38, 39. The splice variation is caused by alternative polyadenylation, which 

leads to the inclusion of intron 9 in the transcript. The open reading frame from intron 9 

introduces 20 new residues (VRPEHPAETEYDSLYPEDDL) at the γ chain C-terminus, 

replacing 4 residues (AGDV) encoded by exon 10 (the ‘normal’ γA sequence), followed by 

a stop codon39, 40 (Figure 4).  

 

Figure 4  Alternative mRNA processing. The common γA chain is formed when the 

polyadenylation occurs downstream of exon 10, at the polyadenylation site 2. On the 

other hand, the γ’ chain is formed when an alternative polyadenylation occurs in the 

intron 9 (polyadenylation site 1). This precursor molecule matures into the mRNA that 

codes for the 20 unique amino acids at the terminal end of the γ’ chain, substituting the 4 

γA amino acids of exon 10. Adapted from41. 
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The C-terminal sequence of γ’, containing several Asp and Glu residues, adds 

substantial negative charge to the region and two sulphated tyrosine residues40. The 

majority of γ’ fibrinogen exists in the form of a heterodimer with γA, γ’/γA (therefore, 

only one of the two γ-chains at one end of the dimeric fibrinogen molecule contains the γ’ 

sequence) and constitutes around 8–15% of total fibrinogen. The γ’/γ’ homodimer 

represents only a small fraction (<1%) of total fibrinogen, and most (~80-85%) of total 

fibrinogen is constituted by the γA/γA homodimer in healthy conditions39, 42. γ′ fibrinogen 

is also genetically regulated and genetic factors are considered to explain 30–40% of the 

variation in fibrinogen concentration in white populations43, 44.  

The γ’ chain contains unique properties having biochemical and biophysical features 

that distinguish it from the more common γA chain. γA/γ′ clots have different structure 

and behavior when compared with γA/γA clots. However, the exact mechanisms 

underpinning these differences remain largely unknown45-47. The γ' chain, when 

incorporated into a mature fibrinogen molecule, can produce clots with altered 

architecture that are also more resistant to breakdown48. In the presence of factor XIII 

(zymogen of the transglutaminase FXIIIa that exerts its enzymatic activity to stabilize 

blood clots), the clots become highly resistant to fibrinolysis45, 48-50. Moreover, studies 

demonstrated that the γ′ chain binds to thrombin with high affinity through exosite II50-52. 

Actually, the effects of γ’ fibrinogen  was also named antithrombin I, due to its inhibitory 

effect on thrombin53. It is likely that the antithrombin I activity of γ’ fibrinogen is largely 

due to sequestering of thrombin via γ’ into the forming fibrin clot, leading to a reduction 

of the thrombin available in the remaining plasma. Interestingly, thrombin when bound to 

γ’ in the clot is also relatively protected from inhibition by antithrombin and heparin54. 

Moreover, in vitro studies showed that clots made with purified γA/γ′ fibrinogen 

polymerize at a slower rate compared to clots made with purified γA/γA fibrinogen46. This 

may lead to a different clot formation rate and different characteristics of the fibrin 

network, and may therefore contribute to the pathological conditions detailed in the 

following pages.  

Possibly as a result of these properties, recent studies suggest that γ' fibrinogen is a 

newly-emerging risk factor for cardiovascular diseases. Studies have associated γ' 

fibrinogen concentrations with coronary diseases55, myocardial infarction56 and ischemic 

stroke57. In particular, the finding that some patients have an increased γ′ fibrinogen to 
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total fibrinogen ratio57-60 indicates that γA/γ′ fibrinogen is not merely a biomarker of 

increased total fibrinogen in plasma and suggests a specific role for γA/γ′ variant in 

arterial thrombosis61. However, these studies do not and cannot demonstrate causality of 

γ′ chain–containing fibrinogen in thrombosis. Walton et al. (2014) showed in mice that 

both γA/γA and γA/γ′ fibrinogen increased the fibrin formation rate in plasma, but γA/γA 

fibrinogen accelerated the rate to a greater extent than γA/γ′ fibrinogen62. They showed 

the independent roles of γA/γA and γA/γ′ fibrinogen in arterial thrombosis and suggested 

that γA/γA fibrinogen promotes thrombosis, whereas γA/γ′ binds thrombin in vivo and 

limits thrombin activity62. A recent report by Appiah et al. showed that γ' fibrinogen does 

not add much to CVD prediction beyond traditional risk factors and total plasma 

fibrinogen level63. Pieters et al. showed that γ′ fibrinogen levels increase as total fibrinogen 

increases, although with a less extent, resulting in a decrease in γ′/total fibrinogen ratio at 

high fibrinogen concentrations in the apparently healthy black African population64. 

Increases in both γ′ fibrinogen and total fibrinogen were associated with increased 

maximum absorbance, in agreement with the formation of clots composed of increased 

fibrin material. However, the γ′/total fibrinogen ratio was associated with decreased 

maximum absorbance, in agreement with clots made of thinner fibrin fibers. Increased γ′ 

fibrinogen levels were associated with prolonged clot lysis. Traditional cardiovascular risk 

factors (excluding fibrinogen) explained 20% and 3%, respectively, of the variance in γ′ 

fibrinogen and γ′/total fibrinogen ratio, with C-reactive protein making the largest 

contribution. These data show that physiological levels of γ′ fibrinogen influence fibrin 

clot structure in plasma64. Unfortunately, studies on the clinical significance of γ' 

fibrinogen and thrombotic diseases have been hampered by the lack of a standardized 

assay with well-described analytical parameters. 

Additionally, until now, most of the studies used commercial plasma fibrinogen to 

evaluate the clots, containing just the γAγA and γAγ’ variants46, 49, 65. Just a couple of 

studies used synthesized recombinant fibrinogen, comparing the homodimeric 

molecules47, 48. 

Prof. David H. Farrell and his collaborators, in Gamma Terapeutics, considered that 

there are a several novel biomarkers emerging, and not all of them have held up to closer 

scrutiny or correlated with existing risk factors. The group believes, however, that the 
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measurement of γ' fibrinogen could help to bridge the residual-risk gap in patients with 

normal cholesterol levels and help to identify patients with high cardiovascular risk66. 

 

Clot formation, structure and stability 
 

“If you enjoy a pretty sight, examine the clotted blood with a microscope. You will 

see a fibrous texture and a network of nerve-like threads” 

Marcello Malpigh, 1666
67

 

 

Although the Koran, on the 7th century, said that humans were created from clots of 

blood, it was only on the 20th century that Marcello Malpighi described the structural 

component of blood clots as a white fibrous substance that we know as fibrin67.  

Fibrinogen, a soluble macromolecule, provides the main building block of the blood 

clot, responding rapidly to tissue damage, being converted to the insoluble fibrin by 

thrombin during the final steps of coagulation22, 68. This is activated by a cascade of 

enzymatic reactions triggered by vessel wall injury, activated blood cells or a foreign 

surface24. Its thrombin-catalized transformation into fibrin, the fundamental component 

of blood clots, has intrigued protein scientists for more than a century22, 68. Its function is 

to break the bonds of the fibrinopeptides in the molecule of fibrinogen, in order to 

release them from the former structure16, 69. Thus, fibrinogen is converted to fibrin by 

thrombin cleavage of two fibrinopeptides A and two fibrinopeptides B from the Aα- and 

Bβ-chains, respectively69, 70. The cleavage of these short, acidic N-terminal peptides 

exposes polymerization sites, and results in a change in solubility, causing the molecules 

to polymerize and form fibrin fibers. At the molecular level, thrombin cleaves faster the 

fibrinopeptide A, between Arg16 and Gly1771, 72, than the fibrinopeptide B, exposing a 

binding site on the fibrin E-region specific for a binding pocket in the D-region. This is 

sufficient to initiate fibrin polymerization. By this mechanism, one fibrin molecule can 

bind to two other fibrin molecules, which in turn can bind to another one, and so on, 

producing a fibrin polymer, or protofibril, comprised of staggered and overlapping fibrin 

molecules34, 70-72, as shown in Figure 5.  
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Figure 5  Schematic representation of the major steps of fibrin polymerization. 

The consecutive steps are shown: (A) release of fibrinopeptides from fibrinogen; (B) 

formation of monomeric fibrin containing exposed knobs and partial dissociation of the 

αC regions; (C) self-assembly of monomeric fibrin via knob-hole interactions and 

formation of half-staggered 2-stranded fibrin oligomers; (D) lateral aggregation of 

protofibrils (fibrin oligomers made of 20 to 25 monomers) promoted by homophilic αC-

αC-interactions within and between protofibrils, including the formation of αC-polymers; 

(E) packing of protofibrils into a fiber; and, (F) fibrin network formation due to the 

branching of fibers24, 73, 74.   

 

This subsequent aggregation of protofibrils into fibers yields a fibrin meshwork that 

is essential for blood clot stability. Finally, the fibrin polymer is stabilized via covalent 

crosslinking by factor XIIIa (plasma transglutaminase) to form a mechanically and 

chemically more stable mature fibrin clot24, 61, 72, 75.  

During fibrin generation, several conditions may strongly influence clot formation, 

structure and stability. These include the concentrations of procoagulants, 

A 

B 

C 
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anticoagulants, fibrin(ogen)-binding proteins76-78 and metal ions79 as well as contributions 

from blood and vascular cells, cell-derived microvesicles80, 81 and the presence of blood 

flow82, 83. Alterations on fibrin(ogen) structure and stability may lead to several diseases14 

(Figure 6). 

 

Figure 6  Contributers to changes on fibrin clot formation, structure and stability 

and association with different diseases. During fibrin generation, several conditions may 

influence clot formation, structure and stability, creating abnormal clots, which are 

associated with the development of diseases (Adapted from14).  

 

Clotting versus Bleeding 
 

As previously mentioned, the clot is formed through a cascade of enzymatic 

reactions that activate prothrombin to thrombin, which converts soluble fibrinogen into 

insoluble fibrin in a process named blood clotting, preventing blood loss. Afterwards, the 

fibrin clot is dissolved through fibrinolysis or cleavage by plasmin, resulting in fibrin 

degradation products. Plasmin is formed on the fibrin surface, from the zymogen 
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plasminogen, by plasminogen activators. There is a careful balance in vivo between 

clotting and fibrinolysis, the proteolytic dissolution of the clot. Imbalance in one direction, 

such as, the prevalence of fibrinolysis, can lead to bleeding. The opposite imbalance, the 

prevalence of clotting, can cause thrombosis or formation of a clot that blocks the blood 

flow through a vessel or artery, creating a thrombus (Figure 7). This way, thrombosis is 

the most common cause of myocardial infarction, ischemic stroke, deep vein thrombosis 

and other cardiovascular diseases24. 

 

Figure 7  Schematic representation of the balance between the fibrin clot 

formation and fibrinolysis processes. A balance between clotting and fibrinolysis should 

exist, otherwise excess clotting can promote thrombosis, while excess fibrinolysis can lead 

to bleeding (Adapted from24).  

 

Despite its recognition as a key component of blood clotting, the role of fibrinogen 

and fibrin in hemostasis and thrombosis are not fully understood14. 
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Abnormal architecture of fibrin clots in disease 
 

Alterations on fibrin clot architecture have been shown to be associated with 

atherosclerosis or cardiovascular diseases and are thought to contribute to their 

pathogenesis and progression84-86. The production of clots with abnormal structure and 

stability has been demonstrated in plasma samples from patients with high cardiovascular 

disease risk84-86. The association of fibrin clot structural parameters with clinical 

pathologies such as dense networks of thinner/compact fibers with increased thrombotic 

risk85, 86 and coarse networks of thicker/less compact fibers with increased bleeding risk86, 

87, suggests that fibrin structure is a critical determinant for hemostasis and thrombosis.  

Changes in clot structure have been found in patients with different CVDs85, 88-90. 

Fatah et al. reported that patients with myocardial infarction formed clot structures 

denser and less permeable than those from healthy individuals88, 89. Patients who 

developed in-stent thrombosis after percutaneous coronary intervention, showed 

abnormal plasma clot characteristics, namely, permeability, turbidity and lysis time, 

compared with patients who did not develop in-stent thrombosis91. Collet et al. found 

increased stiffness, higher fiber density and increased resistance to fibrinolysis in young 

survivors of myocardial infarction92. The first-degree relatives of patients with coronary 

artery disease also showed altered fibrin structure with denser clots, suggesting a familial 

predisposition to altered fibrin structure and disease84. Fibrin clots in patients with 

diabetes show a denser structure with smaller pores and increased resistance to 

fibrinolysis93.  

It remains unclear whether these fibrin clot abnormalities are the consequence or 

the cause of the disease and what is the impact of erythrocytes on a fibrin clot.  
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Erythrocytes biology and structure 
 

“Thus blood, for all its raw physicality, its heat, color and smell, remains first and 

foremost a powerfully symbolic substance—capable of representing the most primeval 

forces of life, and of death”  

James Bradburne, 2002
94

 

 

Blood can be basically divided into two parts, the plasma and the blood cells. 

Plasma constitutes about 55% of the total blood volume and roughly 92% of it is 

water. Blood cells can be divided into three major types, white blood cells or 

leucocytes, platelets and red blood cells or erythrocytes, being the latter the most 

abundant cell type in the blood. 

The potential involvement of erythrocytes in hemostasis and thrombosis is being 

recognized. In the past, most scientists and clinicians have assumed that they play a 

largely passive and relatively unimportant role. However, there has been increasing 

evidence that erythrocytes have a variety of active functions in hemostasis and 

thrombosis that are significant and need to be taken into account upon assessing health 

and disease95. 

Erythrocytes are anucleated cells with a cytoplasm rich in hemoglobin. Erythrocytes 

are highly specialized O2 carrier system in the body96, 97. For the erythrocyte to transport 

hemoglobin and consequently oxygen to all cells, it must travel through the circulatory 

system, including the microcirculation, where it encounters small capillary spaces and 

high shear stresses. In order for the cell to be able to survive this, a highly deformable yet 

robust membrane is required98, 99. These cells are very flexible, biconcave and derived 

from bone marrow. Typically, mature erythrocytes have approximately 8 µm diameter, a 

thickness of 2 µm, a surface area of 132 µm2 and a volume of 90 fL. They circulate at 4.2-

6.1×109 cells/mL in humans, having an in vivo life span of approximately 120 days. They 

are selectively removed from circulation via phagocytosis100.  

Erythrocytes have a relatively simple structure, being easy to isolate from the blood, 

and they have the most extensively studied cell membranes98. The membrane comprises 

an overlaying asymmetric phospolipid bilayer, as shown in Figure 8101.  
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Figure 8 | Erythrocyte membrane composition: lipid bilayer, transmembrane 

proteins and filamentous meshwork of proteins, forming the cytoskeleton. The 

membrane proteins are asymmetrically oriented and with three main functions: 

structural, catalytic and receptor proteins102. 

 

The proteins of the cytoskeleton of the erythrocytes have been identified using 

sodium dodecyl sulphate polyacrylamide gel electrophoresis. Its main components are: 

spectrin, ankyrin, band 3, glycophorin C, band 4.1 and actin, in descending order of 

molecular weight103, 104. However, other molecules are also present but at lower 

concentrations. The plasma membrane, together with its cytoskeleton support, is 

responsible for the maintenance of the shape and stability of erythrocytes, thereby 

retaining their normal biconcave shape, and it also allows extensive deformations when 

needed105. The biconcave shape and corresponding deformability is an essential feature 

for proper biological functioning of human erythrocytes. Furthermore, the roughness of 

the cell membrane is a very interesting indicator of cell's health state106. During its life 

span, the erythrocyte undergoes progressive physical and chemical changes altering their 

macrostructure107, such as, the decrease on cell volume with cell aging. This could be 

caused by the loss of potassium and the loss of membrane patches by microvesiculation, 
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resulting in an increase on cell density108. Changes in their membrane skeletal proteins, 

shape, rheological and mechanical properties or integrity of the erythrocytes may result 

in several diseases and dysfunctions109. 

 

Rheological properties of erythrocytes 
 

Blood rheology is a complex field, mainly determined by variables such as 

hematocrit,  blood viscosity, erythrocyte aggregation and deformability110. 

Hemorheological factors, due to their effects on microcirculation, have long been 

implicated in the pathogenesis of cardiovascular diseases. Overall, a significant shift in the 

erythrocyte microrheology could have physiological relevance on changes of blood flow, 

affecting the ability of erythrocytes to cross capillaries, modulating the distribution of 

blood in the vascular territories and, this way, impairing tissue oxygenation111, 112.  

In recent years, numerous advances in the setting of clinical hemorheology have 

been reported113-116, contributing to the deeper understanding of the role of blood flow 

behavior 97, 117, 118. Therefore, the behavior of blood flow is influenced by its viscosity, a 

macrorheological parameter, which in turn is dependent on the hematocrit, the 

erythrocyte aggregation and deformability properties (microrheological parameters)119. 

Shape and elasticity of erythrocytes are also apparently important to the pathogenesis of 

certain vascular diseases120.  

Cardiovascular illness121, essential hypertension122 and alcoholic liver disease123 

have been previously associated with abnormal hemorheological profiles. Additionally, 

pathological alterations in erythrocyte deformability have been associated with different 

diseases124, such as, malaria125, sickle cell anemia126, diabetes96, hereditary 

disorders117, myocardial infarction127, essential hypertension128 and paroxysmal nocturnal 

hemoglobinuria (PNH)129. Some diseases, such as diabetes, hypertension, lower limb vein 

thrombosis and coronary heart disease, can secondarily alter the properties of 

erythrocytes, making them stiffer and prothrombotic130. Several diseases of the heart and 

circulatory system have been linked with insufficient deformability and increased 

aggregability of erythrocytes131. Also, changes in erythrocyte membrane parameters, 
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particularly in phospholipids, can produce serious metabolic disorders and influences the 

rheological properties of erythrocytes132.  

Erythrocyte aggregation is one of the important hemorheological determinants that 

may create problems at the level of microcirculation133. Pathological erythrocyte 

aggregation can stimulate abnormal processes by itself and intensify some abnormalities 

of blood coagulation. It has a direct effect in thrombosis pathogenesis134. Vessel injury in 

a vein with slowed or arrested blood flow will usually lead to a thrombus that is rich in 

fibrin and red blood cells (red thrombus). Conversely, a thrombus formed in the arterial 

circulation, where flow is relatively undisturbed, will consist primarily of platelets and 

some stabilizing fibrin (white thrombus)135. Erythrocyte aggregation has been shown to 

be elevated in patients with coronary heart disease136. Other authors showed that 

erythrocyte aggregation was elevated in patients with diabetic nephropathy137.  Glacet-

Bernard et al. have also found that elevated erythrocyte aggregation was an independent 

risk factor for central retinal vein occlusion138. Pharmacological approaches to the 

elevated erythrocyte aggregation have been a subject of investigation in recent years. 

Beta-blockers, calcium channel blockers, and ticlopidine are only a few drugs shown to 

decrease elevated erythrocyte aggregation139-141. However, the exact mechanism(s) of 

elevated erythrocyte aggregation in the pathogenesis of thrombotic disorders have not 

been fully established yet and further studies are required to elucidate them. The 

strength of erythrocyte aggregation can be influenced by fibrinogen binding to a 

previously unknown erythrocyte receptor, and platelets may contribute to increasing the 

force of the erythrocyte aggregation in normal conditions142. 

High hematocrit results in an increase in blood viscosity that impairs normal blood 

flow143. It can be a strong prothrombotic factor. The hematocrit-related blood viscosity 

may have physical effects on the interaction between platelets and blood vessel surfaces. 

Under flow conditions, platelet adhesion increases greatly with hematocrit. Thus, the 

volume fraction of erythrocytes may have a significant impact on hemostasis and 

thrombosis, with the nature of the effect related to the flow conditions144.  

Erythrocytes are remarkably deformable, which is important to minimize their 

resistance to flow and to allow them to fit through blood vessels smaller than their size. 

More rigid erythrocytes may be less able to squeeze through the capillaries, increasing 

the susceptibility to thrombosis145. Decreased erythrocyte deformability reduces 
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permeability of blood clots and thrombi, which may also have implications for the 

penetration of fibrinolytic agents146.  

 

Effects of erythrocytes on fibrin clot formation, structure and 

stability 
 

Blood flow is one of the most important physical factors that affect profoundly the 

formation of the fibrin network, its structure and in vivo properties147. Particularly, fibrin 

structure and properties are greatly influenced by the presence of blood cells, namely 

activated platelets and erythrocytes148 that form a natural and very active environment 

for clot formation. Clot quality is heavily influenced by these cells and cell-derived 

components are present at the injury site80, 81, 149.  

The presence of erythrocyte during clot formation seems to induce heterogeneity in 

the fibrin network, displaying densely packed fibers alongside regions with few fibers149. 

But whether erythrocytes increase or decrease fibrin fiber thickness is unclear. At the site 

of clot formation, erythrocytes can support thrombin generation150-152 and alter 

procoagulant activity. It has been shown that the effects of erythrocytes on fibrin 

structure are reduced in the presence of eptifibatide, suggesting that these effects are 

modulated in part by an interaction between fibrin(ogen) and a cell surface integrins. We 

already reported that fibrinogen binds erythrocytes via a β3-containing integrin on the 

erythrocyte surface153, although neither the binding site on fibrin(ogen) nor the putative 

erythrocyte receptor has been completely identified until now.  

Recent findings about contracted whole blood clots showed profound compression 

of resident erythrocytes into structures called polyhedrocytes154, 155. This tight packing 

arrangement reduces the permeability of the clot and may justify the resistance of older, 

compact clots to thrombolysis154.  

Intact or damaged erythrocytes seem to induce variability in the fibrin network 

structure, individual fiber features and viscoelasticity properties of the clots. These 

changes may have important implications for in vivo clot formation, maturation, stability, 

embolization and the efficacy of prophylactic anticoagulation and therapeutic 

fibrinolysis149. 
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Ligand-receptor binding: interactions between erythrocytes 

and fibrinogen 
 

Proteins perform their functions through dynamic structural changes and dynamic 

interactions with other molecules or cells156. Thus, interaction between ligands and 

proteins are crucial for the proper function of living organisms157. Fibrinogen can mediate 

diverse biological responses due to its ability to affect different cell types by binding to 

unique cellular receptors158 (Figure 9). 

 

 

Figure 9  Cellular receptors and target cells for fibrinogen. Fibrinogen mediates 

different biological responses by binding to integrin and non-integrin receptors, 

expressed on different target cells. For instance, fibrinogen binds to the integrin αIIbβ3 on 

platelets, leading to platelet aggregation necessary for blood coagulation158.  

 

An increase in fibrinogen concentration may lead to greater erythrocyte 

aggregation. This transient aggregation may promote cardiovascular and cerebrovascular 

diseases159. It may be induced when macromolecules interact with the surface of the 

erythrocytes by promoting the formation of bridges between these cells. Some 

physicochemical properties, such as ligand molecular mass, charge and concentration of 

the interacting molecules, are essential to enable the aggregation of erythrocytes160. 

However, little is known about how erythrocytes can interact with fibrinogen.  

As described, the increase on erythrocyte aggregation associated with a higher 

incidence of cardiovascular pathologies is based on an increase on plasma adhesion 

proteins concentration160, 161. Fibrinogen has a greater effect than other plasma proteins 
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on erythrocyte aggregation162-164. This process has generally been considered to be 

caused by the nonspecific binding of fibrinogen to the erythrocyte membrane160, 165. In 

contrast, platelets are known to have a fibrinogen integrin receptor expressed on the 

membrane surface (the membrane glycoprotein complex αIIbβ3) necessary for blood 

coagulation 166. Lominadze et al. suggested that fibrinogen can also specifically interact 

with erythrocyte membranes161. Erythrocytes have been shown to interact specifically 

with fibrin(ogen), with approximately 20 000 binding sites/erythrocytes and with a 

dissociation constant (Kd) of 1.3 μM161. In hypertensive rats, the erythrocytes aggregation 

was associated with hypertension, by changes of the composition of the erythrocyte 

membrane163. This may suggest that specific fibrinogen receptors on the erythrocyte 

membrane may be altered in hypertension. It was also reported that the binding is 

inhibited by the integrin receptor antagonist Arg-Gly-Asp-Ser (RGDS)161. 

There were several reports showing the existence of various (integrin or non-

integrin) glycoproteins that are involved in the adhesion of erythrocytes or endothelial 

cells167-169. The presence of the integrin αIIbβ3 and non-integrin glycoprotein Ib on 

erythrocytes169, which was reported by a group of researchers, was completely 

contradicted by the results from another group170. Another study reported the presence 

of integrin α4β1 on the surface of reticulocytes, but not on mature erythrocytes from 

sickle cell patients170, 171. In addition, a low level of non-integrin glycoprotein IV (CD36) on 

the surface of normal erythrocytes has been found to be involved in adhesion of malaria-

infected cells, suggesting that CD36 mediates an yet unidentified physiological process in 

healthy humans172. Other two potential receptors on erythrocytes have been implicated 

in fibrin(ogen)-erythrocyte interactions: an integrin with a β3 subunit153 and the integrin-

associated protein CD47173. Since CD47 was originally identified for its interaction with 

αvβ3, αIIbβ3, and α2β1 integrins, it is possible that the fibrinogen-binding site on 

erythrocytes consists of a complex of both of these molecules148. 

The discovery of the structural basis of the recognition between integrins and their 

natural ligands is very important for mechanisms elucidation. Some studies have shown 

that, on the fibrinogen molecule, the interaction with erythrocytes involves the Aα 

chain174. By the cleavage of the near terminal domain of the Aα chain (Aα-(1-206)), most 

of the carboxy-terminal extensions are removed (approximately 70% of the native chain). 

After this cleavage, erythrocyte aggregation is decreased, suggesting that the fibrinogen 
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binding site to the erythrocyte membrane was lost174. On the other hand, the Aα (207-

303) region was found to be one of the possible erythrocyte-binding sites in fibrinogen, 

since the velocity of rouleaux using the fibrinogen fragment is preserved174. The 

fibrinopeptide-containing region in the central domain (including the Aα and Bβ chains) 

were shown to be repulsive to the negatively charged erythrocyte membrane160. The 

contribution of the carboxy-terminus of the fibrinogen γ-chain for erythrocyte binding 

must also be taken into consideration, as for the fibrinogen-platelet binding, but this is 

not yet clear160. The recognition of the fibrinogen molecule by the activated platelet αIIbβ3 

receptor occurs through the two Arg-Gly-Asp (RGD) sequences at the fibrinogen Aα chains 

and the C-terminal domain of the γ chain. RGD is a consensus binding sequence for 

integrins and was identified using synthetic peptides175 (Figure 10). The Aα chain of 

fibrinogen contains both RGD sequences, at residues 95-97 (arginine-glycine-aspartate-

phenylalaline, RGDF) and 572-574 (arginine-glycine-aspartate-serine, RGDS)176-178. RGD 

peptides are also well known to bind to the αVβ3 integrin179. 

 

Figure 10  Structure of fibrinogen molecule containing the 2 Aα, 2 Bβ and 2 γ 

chain. The two Aα chain RGD motifs and the γ400-411 dodecapeptide sequence are 

represented. The interchain connections represent the disulfite bonds180.  

 

 The residues 118-131 of the receptor β3 chain were identified as the sequence of 

recognition of the RGD peptides181.  The fibrinogen-platelet receptor interaction can also 

occur through a non-RGD sequence, the dodecapeptide (HHLGGAKQAGDV) sequence in 

the γ chain carboxy-terminal region (residues 400-411), which binds to αIIbβ3 through the 

amino acid residues 294 to 314 on the αIIb chain of the receptor. Carvalho et al., 

demonstrated by force spectroscopy using atomic force microscopy (AFM) the existence 
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of a single molecule interaction between fibrinogen and an unknown receptor on the 

erythrocyte membrane, with a lower but comparable affinity relative to platelet binding. 

This receptor was not as strongly influenced by calcium ions and eptifibatide (an αIIbβ3 

specific inhibitor) as the platelet receptor. However, its inhibition by eptifibatide indicated 

that it is an αIIbβ3-related integrin. They also studied a patient with Glanzmann 

thrombastenia (a rare hereditary bleeding disease caused by αIIbβ3 deficiency) and they 

showed (for the first time) an impaired fibrinogen-erythrocyte interaction153. Genetic 

analysis showed that one of the units of the fibrinogen receptor on erythrocytes was a 

product of the expression of the β3 gene, found to be mutated in this patient153. 

Therefore, this suggested the possible existence of an unidentified integrin-type receptor 

on the surface of erythrocytes. 

Thus, there are some pieces of evidence of the specific fibrinogen-erythrocyte 

binding during the erythrocyte aggregation process. It will be relevant to identify the 

fibrinogen receptor on erythrocytes and to know which are the recognition binding sites 

of fibrinogen, aiming to discover a pharmacological strategy to inhibit it in order to 

decrease erythrocyte aggregation. 

 

Cardiovascular diseases 
 

Cardiovascular diseases (CVDs) are the leading cause of death and disability 

worldwide. In 2012, it was estimated that 17.5 million people died due to CVDs, 

representing 31% of all global deaths. Of these deaths, an estimated 6.7 million were due 

to stroke and 7.4 million were due to coronary heart disease. Over three quarters of CVD 

deaths take place in low- and middle-income countries182, 183 (Figure 11). 
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Figure 11 | Cardiovascular diseases mortality in the world. Age-standardized 

death rate per 100 000 population, both sexes, 2000-2012183. 

 

In Portugal, cardiovascular diseases are also the leading cause of death. In 2012, 

32 859 people died from CVD and, from those, 14 393 were male and 18 466 

female184.  

By 2030, when the world population is expected to reach 8.2 billion, 33% of all 

deaths are expected to be of CVD185.  

Cardiovascular diseases encompass different atherosclerotic vascular diseases 

such as coronary heart disease, cerebrovascular disease, as well as peripheral arterial 

diseases159.  To address total cardiovascular risk, the World Health Organization (WHO) 

recommended to integrate the management of hypertension, diabetes and other 

cardiovascular risk factors in primary care, and target available resources at individuals 

most likely to develop diabetes complications, heart attacks and strokes186. In addition 

to first attacks, recurrent heart attacks and strokes also need to be prevented in those 

with established disease (secondary prevention). These individuals face considerably 

greater risk of recurrent vascular events and are much more likely to die in a recurrent 

event187. 

Some agents, like aspirin, beta-blockers and angiotensin-converting enzyme 

inhibitors, together with smoking cessation, could prevent up to three quarters of 

recurrent heart attack and stroke188.  However, a sole focus on secondary prevention is 
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insufficient to attain this target, as a considerable number of heart attack and stroke 

deaths are at first event188. 

The medicine field has made a drastic progress in diagnosis, prevention and 

treatment of CVD over the past three decades; however, it is necessary to go on and look 

for new emerging risk factors to decrease the associated high morbility and mortality. 

Predominantly, there are five existing modifiable risk factors, namely, high blood 

pressure, high blood cholesterol, tobacco use (chewing/smoking), diabetes mellitus and 

obesity, which constitute approximately one-third of all the causes of CVD cases. In 

developing countries, in addition to these five existing modifiable risk factors, low 

vegetable and fruit intake, as well as, alcohol abuse ranks first in the list of risk factors189 

(Figure 12). 

 

Figure 12 | Great contributory risk factors to high blood pressure and its 

complications associated with developing of cardiovascular diseases. Different risk 

factors have been reported in progression and development of cardiovascular diseases. 

Adapted from187. 

 

It is important to note that the literature well documented the association between 

serum concentrations of acute phase proteins and the onset of coronary heart disease 

and myocardial infarction190, 191. The emerging inflammatory markers in the acute-phase 

include pentraxin 3 (PTX3), amyloid A and fibrinogen192-194. Although the role of 

fibrinogen as inflammatory marker of risk is still discussed, many studies indicated an 

association of hyperfibrinogenemia with atherothrombosis195.  

In the next pages, there is a detailed description of the cardiovascular diseases 

studied on this Thesis. 
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Heart Failure 
 

Heart failure (HF), is a complex clinical syndrome that can result from any structural 

or functional cardiac disorder that impairs the ability of the ventricle to fill or eject 

enough blood around the body in the right pressure196, 197. HF usually occurs because the 

heart muscle has become too weak or stiff to work properly198. It may be considered as 

the fatal finishing line of all cardiovascular disorders, causing high hospitalization and high 

mortality rates. In industrialized countries, the most common cause of heart failure is 

ischemic cardiomyopathy. Ischemic heart disease is a chronic condition in which there is a 

lack of blood supply to tissues, leading to a shortage of oxygen and glucose needed for 

normal cellular metabolism199. In epidemiological surveys and in large-scale therapeutic 

trials, the prognosis of patients with ischemic heart failure is worse than in patients with a 

non-ischemic etiology200. Even heart transplant candidates may respond better to 

intensifying therapy if they have non-ischemic heart failure.  Non-ischemic heart disease 

includes different subgroups, such as hypertensive heart disease, myocarditis, alcoholic 

cardiomyopathy and cardiac dysfunction due to rapid atrial fibrillation (which could be 

reversible)200. The therapeutic effect of essential drugs, such as angiotensin-converting 

enzyme inhibitors, beta-blockers and diuretics, in general, does not significantly differ 

between ischemic and non-ischemic patients. However, in some clinical trials, response to 

certain drugs (such as digoxin, tumor necrosis factor-α and amiodarone) was found to be 

better in non-ischemic patients. As referred, due to distinct prognostics of the disease 

and possible therapeutic differences, the etiology of heart failure should be determined 

routinely for all patients200. Further studies to clarify the effects of etiology of HF on the 

response of treatment or prognosis could be particularly important for preventing 

progression to more advanced stages, in which any type of drug therapy may have limited 

value in prolonging survival. An individual therapeutic approach, based on etiology of HF 

could result in major progress in treating HF patients201.  

The prevalence of HF disease has been growing, affecting 23 million people 

worldwide202-205. Half of those affected have reduced ejection fraction (EF < 40%); the 

remaining have HF with preserved EF (EF > 50%) or borderline HF (EF 40–50%)206. Despite 

significant advances in the management of HF, survival remains poor, with a 50% 
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mortality within 5 years of diagnosis202. According to the American Heart Association 

(AHA) / American College of Cardiology guidelines196, 197, “it is largely a clinical diagnosis 

that is based on a careful history and physical examination”. Thus, HF diagnosis can be 

challenging, as symptoms are often non-specific and the physical exam can be misleading. 

In light of the staggering costs, morbidity and mortality associated with HF, the 

emergence of biomarkers for both diagnosis and prognosis provides important objectivity 

in its assessment. A few biomarkers have been reported that have led to diagnostic, 

prognostic and therapeutic developments, such as natriuretic peptides207, soluble toll-like 

receptor 2208, galectin-3209 and copeptin210 (Figure 13). 

 

Figure 13  Biomarkers and their organ-specific release sites in the body in 

response to stress or injury. On the left-hand side are shown the various organs affected 

in acute heart failure, and on the right-hand side are displayed the organs affected in the 

settings of infection and inflammation211.  

 

Essential arterial hypertension 
 

Recently, a report categorizes individuals as hypertensive “when they persistently 

cross the blood pressure threshold above which there is robust scientific evidence that 

antihypertensive treatment will improve their prognosis”212. Thus, hypertension is 
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defined as a persistently elevated blood pressure equal or above 140 for the systolic 

blood pressure (SBP) or 90 mm Hg for the diastolic blood pressure (DBP). It is the major 

risk factor for premature cardiovascular disease (CVD), morbidity and mortality213. 

 Essential arterial hypertension is often referred to as “the silent killer” once 

frequently displaying no overt symptomatology. Approximately half of patients with 

hypertension remain undiagnosed214. In most patients with hypertension, no clear 

etiology is identified. This is considered as essential, primary or idiopathic hypertension. 

Essential hypertension is a diagnosis of exclusion and accounts for ~ 90–95% of all cases 

of hypertension. It appears to be caused by a complex interaction between genetic 

predisposition and environmental factors215, 216. Secondary hypertension refers to arterial 

hypertension due to an identifiable cause and affects ~5–10% of the general hypertensive 

population217. The prevalence and potential etiologies of secondary hypertension vary by 

age. The most common identifiable causes in children are renal parenchymal disease and 

coarctation of the aorta. In adults 65 years and older, atherosclerotic renal artery 

stenosis, renal failure, and hypothyroidism are common causes218.  

 

Cerebrovascular diseases 
 

Cerebrovascular diseases are all diseases in which the blood vessels of the brain are 

primarily involved219. They often lead to serious symptoms. However, cerebrovascular 

abnormalities can be present without any acute symptoms as well. Silent brain infarcts, 

white-matter lesions and microbleeds are examples of such subclinical cerebrovascular 

disease220. There are a number of ways in which cerebrovascular disease can develop, 

being atherosclerosis one of the most common. 

Atherosclerosis is where high cholesterol levels, coupled with inflammation in the 

arteries of the brain, cause cholesterol to build up in the vessel as a thick, waxy plaque. 

This plaque can limit or completely obstruct blood flow to the brain, causing a stroke or a 

transient ischemic attack, which may lead to cognitive impairment and dementia221. 

 

 

http://www.medicalnewstoday.com/articles/247837.php
http://www.medicalnewstoday.com/articles/9152.php
http://www.strokeassociation.org/STROKEORG/LifeAfterStroke/HealthyLivingAfterStroke/UnderstandingRiskyConditions/Atherosclerosis-and-Stroke_UCM_310426_Article.jsp#.WBIiQpMrJTY
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Stroke 
 

Stroke is the most common manifestation of cerebrovascular disease and a major 

global health problem222, 223. Epidemiologic studies have played an essential role in 

assessing this burden and in detecting the risk factors for stroke. Primary prevention of 

these risk factors, essential hypertension, smoking, diabetes, and atrial fibrillation, has 

reduced the incidence in high-income countries. However, stroke remains a major cause 

of death and disability, and therefore research should be increased. 

The traditional definition of stroke is clinical and based on the sudden onset of focal 

neurological function if an artery supplying the brain, retina or spinal cord is occluded or 

ruptures, leading to tissue death and neurologic deficits. This can be due to 

atherosclerosis, cardioembolism or small-vessel disease224. It can be a consequence of 

bleeding (hemorrhagic stroke) or ischemia (ischemic stroke). Different symptoms of 

stroke can be reported, including sudden unilateral weakness, numbness or visual loss, 

diplopia, altered speech, ataxia and non-orthostatic vertigo225. The diagnosis of stroke is 

most difficult in the initial hours, particularly if the onset is uncertain, the features are 

atypical or changing, the patient is unwell or agitated, access to imaging is delayed or 

brain imaging is normal226. The benefits of aspirin in preventing early recurrent stroke are 

greater than previously recognized227. Other strategies to prevent recurrent stroke now 

include oral anticoagulants as an alternative to warfarin for atrial fibrillation and carotid 

stenting as an alternative to endarterectomy for symptomatic carotid stenosis226. 

Neurological and medical complications after stroke are a major cause of morbidity 

and mortality if they are not anticipated, prevented and managed appropriately. Patients 

with acute stroke need assessment for the nature and severity of their neurological 

deficits and the prognosis, goals and rehabilitation requirements for recovery226.  The 

case fatality rates after stroke are about 15% at 1 month, 25% at 1 year and 50% at 5 

years228. After an event, the risk of recurrent stroke without treatment is about 10% at 1 

week, 15% at 1 month and 18% at 3 months229. The long-term risk of recurrent stroke is 

about 10% at 1 year, 25% at 5 years and 40% at 10 years230.  Thus, stroke requires rapid 

assessment and treatment. Biomonitoring and multimarker strategies can improve 

patient outcomes, decrease length of hospital admission and reduce hospitalization costs. 
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New biomarkers for CVDs 
 

More than 100 new or emerging risk factors have been discovered for their ability 

to improve global risk assessment231. These biomarkers were referred as emerging risk 

factors since they were directly associated with increased risk of CVD but their causative, 

quantitative and independent contributions to CVD were not fully elucidated with respect 

to conventional risk factors232. These emerging risk factors helped to reclassify 

intermediate patients’ risk for major cardiovascular events, requiring more aggressive risk 

reduction232, 233.  

The ideal biomarker must have the following five features: 1) to be highly sensitive 

or specific; 2) to provide clinically relevant and meaningful information; 3) to 

demonstrate the ability to guide therapy; 4) to be cost effective; and 5) to be easily 

monitored during therapy234. At present, no single biomarker meets all these criteria for 

HF, for instance234.  

The role of an ideal biomarker has evolved over the past decade (Figure 14), owing 

to the growing need for risk stratification strategies to mitigate the adverse outcomes 

associated with each pathology211. 

 

Figure 14  The CVDs biomarker timeline. The progression of an ideal biomarker for 

cardiovascular diseases in the past decades211, 235. 
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Biomarkers could be proteins secreted from specific sites in the body in response to 

stress or injury and can be defined as a feature that is objectively measured and 

evaluated as an indicator of normal biologic processes pathogenic processes or the 

response to a therapeutic intervention236. Currently, biomarkers are defined as any 

clinical feature, imaging quantification or laboratory-based test markers that characterize 

disease activity, which are useful for diagnosing, monitoring disease processes or 

response to therapy237. Identifying individuals with CVD who are at higher risk of disease 

progression would enable more personalized management, in order to slow down this 

progression. However, providing reliable evidence to validate biomarkers before clinical 

implementation remains an important challenge. Issues to be addressed include the 

accuracy and reliability of biomarkers for the clinical state of interest, as well as, the 

evaluation of clinical utility and cost-effectiveness compared to other biomarkers238. 

In the past years numerous biomarkers, such as C reactive protein, cytokines and 

adhesion molecules, have been observed to be related to adverse cardiovascular 

prognosis239-241. More recently, several studies found an association among inflammatory 

biomarkers and cardiovascular diseases, suggesting their utility to identify the risk of an 

acute ischemic event and the detection of vulnerable plaques. The emerging 

inflammatory markers are well divided for diagnosis and prognosis and plaque instability 

of coronary artery disease194.  

The Emerging Risk Factors Collaboration showed that the measurement of 

fibrinogen level in patients at risk for coronary artery disease could prevent an additional 

event of the disease in the next 10 years for every 400-500 people studied242. 

Additionally, recent studies show that the evaluation of fibrinogen during myocardial 

infarction may be useful in identifying patients at high risks for future acute events193. 

Epidemiological data have shown the important predictive role of fibrinogen in CVD243-245. 

However, it is not known why fibrinogen is not systematically measured in patients to 

evaluate the risk of thrombosis, either before the event or to evaluate the short and long-

term outcome of a thromboembolic event such as stroke246. The main arguments that 

explain why fibrinogen plasma concentration has not attracted more attention as a 

predictor of thrombotic risk are detailed on Table 1. 
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Table 1  The main reasons for not considering fibrinogen plasma concentration as a 

thrombotic risk factor32 

o Problems of standardization of the assays 

o What is the normal value for a given individual? 

o Frequent variations (acute-phase protein) 

o Ongoing debate on whether fibrinogen is the cause or consequence of thrombosis 

o No approved specific treatment to lower fibrinogen levels 

 

However, most of the studies showed that high fibrinogen levels are a relevant 

cardiovascular risk factor, but the biological mechanisms associated with pathologic 

alterations are not totally clear. Recent studies have demonstrated the influence of 

fibrinogen in erythrocyte hyperaggregation and this interaction could be an important 

evaluation in the future218. Koster et al. found, in a case-control study, that individuals 

with a plasma fibrinogen >5 g/L had an almost fourfold increase of thrombosis risk 

compared with reference category (3 g/L). These high levels were present in 3% of 

thrombosis patients and 1% of the controls247. The identification of biomarkers would 

therefore minimize the exposure of a relevant patient population to investigational 

medicines prior to at least some determination of their safety and effectiveness248. 

Establishing the diagnostic, extent and severity of cardiovascular diseases, as well as 

determining the potential risk of cardiovascular events, are crucial steps toward 

improving patient outcomes. 

Imaging technologies, such as Doppler ultrasound or computed tomography show 

vascular abnormalities and flow disturbances around the thrombus, but do not reveal 

information about thrombus composition249. Thus, the development of technologies to 

detect the thrombus composition and to measure the binding force between protein and 

ligands could also be useful on the clinical setting.  

 

Atomic Force Microscopy – a powerful Nanomedicine tool 
 

New and powerful nanotechnologies integrated with population studies for medical 

applications have been growing and continuously updated. This increases the selectivity 

and efficacy to treat and prevent diseases in the coming decades250, 251. Particularly, 
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atomic force microscopy (AFM) may play an important role on the nanomedicine 

knowledge necessary for fruitful developments in diagnostics, prognostics and 

therapeutics. Thus, the use of AFM could be highly relevant for the improvement of 

health care processes, namely on the cardiovascular area.  

The basic principles of AFM are outlined in the next pages, followed by the 

description of different AFM applications. 

 

Atomic force microscopy or scanning force microscopy belongs to a wider group of 

techniques named scanning probe microscopies (SPM)252. As a common feature, all these 

techniques aim at obtaining the topography of a sample, with nanometer resolution, line 

by line, measuring the interaction between a sharp tip and a sample’s surface253, 254. A 

fundamental component of SPM is a probe and all techniques of this family evolved from 

the invention of the scanning tunneling microscopy (STM) in 1982252. For the first time it 

was possible to visualize matter at the level of single atoms. In STM, a sharp tip is raster 

scanned over a surface and its distance is controlled using the tunneling current from tip 

to surface as a control signal. Normally, this is performed in vacuum and at low 

temperatures, which limits applications in biology. Scanning probe imaging of 

biomolecules at a nanometer scale became possible with the invention of AFM (a 

variation of STM) in 1986, by Gerd Binnig, Calvin Quate and Christopher Gerber253. With 

the AFM, the requisite that the surface must be conductive was overcome. 

 AFM has several properties that make it a well suited tool that allows imaging and 

force probing biological samples with nanometer (nm) topographical and pico-Newton 

(pN) force resolution, measuring forces at the single molecule level254. The AFM was 

originally designed as an imaging tool, but was later modified to be operated in the force 

scan mode253 (Figure 15).  
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Figure 15 | AFM-based nanotools for imaging and probing in living cells at the 

molecular level. In the imaging mode, the topography of the cell surface under near 

physiological conditions is evaluated using a sharp tip. Applications and imaging modes 

are listed at the right of “Imaging”.  Functionalized AFM cantilevers can be used for 

detecting biological, chemical and physical interactions. Applications and probing modes 

are listed at the right of “Probing”. Examples developed for biological characterization 

using functionalized probes are represented in this Figure: 1) an atomic force microscope 

probing the local elasticity of a biological membrane; 2) the AFM probe measures the 

interaction between a receptor and ligand; and, 3) an AFM probe unfolding a membrane 

protein (top right panel). In the bottom panel, from left to right, are shown ways to 

functionalize the cantilever to specifically probe chemical, biological, cellular or viral 

interactions255.     

      

The atomic force microscope has become a true enabling platform in Life Sciences 

that allows visualization, probing and manipulation across the length scales from single 

molecules to living cells in non-aqueous, aqueous or dry conditions101.  Therefore, the 

sample may remain under conditions close to its natural environment, which is critical for 

biological applications256. Thus, high sensitivity, high resolution and no sample processing, 

makes AFM versatile in terms of the large variety of experiments that can be done257. 

Employing AFM, physical, chemical and biological properties of erythrocytes can be 

studied even under near physiological conditions258, 259.   
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Key elements and basic principles of AFM 
 

Due to their global simplicity, atomic force microscopes are small and compact 

equipments254. They are mainly composed by sample stage, the controller of the 

electronics and a computer (Figure 16).  

 

Figure 16 | Main components of a typical atomic force microscope. The stage is 

typically moved in the x-y axis, while the cantilever is moved on the z-plan. The 

movement of the reflected laser on the detector is caused by the movement of the 

cantilever through sample scanning. As the cantilever can be viewed as a spring, the 

cantilever deflection can be used to calculate the force applied257. 

 

The heart of the AFM is the cantilever and the tip is considered the most important 

part of the cantilever. The probe is made by triangular or rectangular cantilever, at which 

end there is a sharp tip used to probe the sample260. On one hand, the cantilevers are 

microscopic with tens to hundreds of micrometers length and width. On the other hand, 

the chip is macroscopic and can be firmly attached to piezo electric holder, which allows 

the vertical movement of the cantilever (z-axis)261. AFM uses this tip (probe) attached to a 

flexible cantilever of a specific spring constant, which is responsible for signal 

transduction. This technique is based on the detection of repulsive and/or attractive 

surface forces between the atoms of the sample and those of the tip, which scans the 
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surface of the sample. During tip scanning of the sample surface, the cantilever deflects in 

the z-direction due to the surface topography, while a small laser detects any bending or 

twisting of the cantilever262, 263. Thus, the cantilever movement is detected by shinning a 

laser off the back of the cantilever onto a detector.  This photodiode commonly has four 

quadrants, with the laser initially pointed at the center of them (Figure 16). Upon the 

scanning of the sample, any small deflection of the cantilever will change the position of 

the reflected laser. It is the variation of the point of incidence of the reflected beam on 

the photodiode that measures any minimal bending or twisting of the cantilever and thus, 

the interaction of the tip with the sample. In such manner, the cantilever deflections, 

corresponding to the applied force can be detected. The quantitative concept of AFM is 

based on the Hooke’s law of elasticity, which consists in a simple equation expressing the 

force generated within a spring when compressed in terms of known “spring constant” 

and the length of the deflection of the spring (displacement of the z-piezo, z). Cantilevers 

are like springs and the deflection of the spring can be converted in measurements of 

force by the following equation. 

F = - k∆x                                                            (1) 

where F is the force acting on the cantilever, k the spring constant of the cantilever and 

∆x the length of its deflection264-266.  

Attending to the AFM potentialities in terms of its reduced dimensions and high 

resolution, it would be expectable that its isolation from any external vibration would be 

a major difficulty. However, this trouble can easily overcome by placing the microscope in 

an isolated noise room and on a small solid surface254. This way, the vibrations are 

reduced and do not interfere with the measurements254, 263. 

 

Single-molecule force spectroscopy 
 

Taking advantage of the pico-Newton sensivity of the method, this approach is 

usually termed “force spectroscopy” (but actually it is not a spectroscopy, as it is not 

based on the interaction of radiation with matter)267. Among force spectroscopy 

methodologies, the most commonly used are optical tweezers, magnetic tweezers and 

atomic force microscopy268, 269. Thus, in addition of AFM use in imaging mode, this 
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technique can also be used to quantify the interaction between the tip and a specific 

point of the sample, detecting and localizing single molecular recognition events268, 270.  

AFM-based force spectroscopy allows the measurement of the inter- and 

intramolecular interaction forces necessary to separate the tip from the sample. When 

performing force spectroscopy measurements, it is not mandatory for the tip to scan the 

sample surface, as it may be just be brought into contact with the surface and then 

retracted267. The principle of this methodology is represented on the typical force-

distance curve shown in Figure 17.  

  

Figure 17 | Schematic representation of a typical force-distance curve, according 

to the movement of the cantilever. Firstly, the tip is moved towards the cell surface 

(dotted line, 1, 2), where there is a contact point and subsequently retracted (solid line). 

During tip approach, adhesion between the cantilever and the sample may occur, leading 

to a force signal (3) during tip retraction. The force increases until dissociation occurs (4) 

at an unbinding force (fu)271.  

 

To conduct a force spectroscopy measurement, the cantilever is approached to and 

retracted from a surface using a piezo, which controls movement in the z direction. At the 

beginning, when the tip is far away from the surface, no interaction is observed (non-

contact). After the tip-sample contact, if the approach continues, the cantilever will 

deflect. A feedback system stops the piezo movement when a given deflection, and 

therefore force, is reached. The cantilever deflection can be recorded as a function of the 

vertical displacement of the piezo scanner, during the procedure. The result is a cantilever 
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deflection versus scanner displacement curve, which can be converted into a force-

distance curve after applying the Hookes´ law of elasticity, as mentioned before267, 272, 273. 

A possible strategy is to bind ligands to the AFM tips and receptors to the sample surface, 

or vice versa. The ligand can be a specific antibody, protein of interest, a substrate or, for 

instance, an inhibitor. The surface (e.g., mica, glass or silicon) can have immobilized 

proteins, or the proteins expressed at the substrate of living cell271. If there is any kind of 

interaction between the cantilever and the surface, it will be pulled down toward the 

surface until the force required to break the interaction between probe and surface is 

reached. Through this methodology, multiple interactions or multiple unbinding events 

can be detected274.   

As mentioned above, the tip is attached to a very flexible cantilever, which bends 

toward or away from the sample when attractive or repulsive forces are present, 

respectively. Thus, different types of forces can be studied. The main type of force 

presents upon the approaching of two hard surfaces in the absence of long-range 

interaction is Van der Waals interactions275. Moreover, electrostatic or polymer-brush 

forces may also be present, if the approach curve has smooth and exponentially 

increasing repulsive forces272, 273. On the retraction curve, it is common to observe an 

adhesion force profile. The central basis of adhesion forces is the development of 

capillary bridge between the tip and the sample275. Thus, the nature of ligand-receptor 

specific binding forces comes generally from the combination of non-covalent weak 

bonds, such as Van der Walls, electrostatic, hydrophobic, dipole-dipole interactions and 

hydrogen bonds, which binding forces depend on the different conditions (e.g., pH and 

ionic strength). The force-distance curve is influenced by the tip, sample and medium 

composition267. A complete force curves set consists of successive approach and 

retraction curves, which are rich in information. From single-cell force spectroscopy, it is 

possible to get more information than just absolute force values, enabling to quantify the 

underlying molecular interactions of cell surface receptors with their respective 

substrates276.  

AFM can particularly be used in force spectroscopy mode to observe changes in cell 

stiffness, protein-cell interactions and cell-cell adhesion. 
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Protein-cell interactions 
 

In single-molecule force spectroscopy recognition studies, tips are generally 

functionalized with one or a small amount of probe molecules. They can recognize a 

specific target molecule on the samples surface267. The biochemical modification of the 

cantilever tip277-279 enables the detection of ligand-membrane protein interactions at the 

single-molecule level, thereby providing fundamental insights into the molecular 

dynamics of biological processes (e.g., the inter- and intramolecular interactions of 

biomolecules)280. 

 

Cantilevers functionalization for protein-cell interaction 

measurements 
 

Usually, in this methodology, a cell of interest is attached to the sample surface and 

the protein is anchored to the AFM tip. This demands several requirements for tip and 

sample functionalization, as a proper functionalization of the tip and sample is crucial for 

force spectroscopy experiments, in order to measure specific and strong interactions. 

Thus, the attachment should be firm enough to avoid reallocations but, at the same time, 

it should maintain some autonomy of the molecule, to have enough mobility and to allow 

change its conformations during or before the interaction281, 282.  

Many different approaches have been used to attach proteins to AFM probes. More 

details about these methods can be found in some reviews281, 282. Before selecting the 

best functionalization method, some considerations need to be taken into account about 

the appropriate cantilever, the composition of the ligand molecule, as well as some 

experimental conditions, such as temperature, buffer composition or pH283. A silicon 

nitride (Si3N4) or silicon (Si) tip on a cantilever is commonly used for functionalization. 

Firstly, it is generally recommended to introduce linker molecules. One of the most 

common approaches is the amination of the tip by silanization, using APTES (3-

aminopropyltriethoxysilane)284. Its main purpose is to introduce amine groups to the 

cantilevers. These terminal amino functions have been used to anchor different biological 
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ligands, such as proteins153, antigens or antibodies283. After functionalization of the AFM 

probe, specific interactions can be detected.  

 

Single-cell force spectroscopy: cell-cell adhesion 
 

Atomic force microscopy based single cell force spectroscopy is widely used to 

study complex cell mechanisms and cell adhesion285. Adhesion is a common and 

fundamental process in all multicellular organisms; however, the adhesion of cells to 

surfaces or the adhesion between cells is a complex process, not well clarified. Cells 

interact with their environment via their surfaces. Therefore, cell surfaces play essential 

roles in basic cellular processes such as signaling, communication, adhesion, sensing, 

transport, energy generation, embryonic and tissue development, tumor metastasis, and 

viral or bacterial infection286-290. Every process of the cell surface relies on molecular 

forces that are a complex interplay of chemical, biological and physical interactions290, 291. 

Typical interactions occurring at biological surfaces include hydrophobic, hydrophilic, 

electrostatic, van der Waals and hydrogen bond interactions, and the force measured for 

a specific biological interaction reflects the sum of all its contributing components. 

Research on this field is a great challenge, due to different factors. Using a living cell 

as a probe ensures that the receptors are on their native conformation and, moreover, 

the mechanisms by which they are regulated can be examined276. First and foremost, the 

single-molecule interactions recorded should be predominantly, if not exclusively, 

between the receptor and ligand of interest. To this end, recombinant substrates are 

often used and cells may be genetically modified to limit the number of receptors 

expressed. Control experiments demonstrating the specificity of the observed 

interactions must be performed255. AFM, as an advanced technique, enables to quantify 

forces involved in cell adhesion, using cells immobilized on an AFM cantilever. 

Particularly, force spectroscopy is capable of resolving individual detachment events, as 

well as the overall force required to detach a cell from another cell292-294. The great 

advantages of using AFM in cell adhesion studies are specificity and the wealth of data 

that is obtained. This technique is particularly useful to probe adhesive properties of 
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suspended cells, such as erythrocytes or leukocytes, allowing the characterization of 

multiple and single-molecule rupture events295. 

The CellHesion is an additional module of the AFM Nanowizard IV (JPK Instruments, 

Berlin), which is installed on an inverted microscope, allowing a 100 µm pulling range. 

This range is necessary for the complete detachment of two adhered cells, including the 

jumps and membrane tethers between cells, as well as, the elongation and elasticity of 

the cells. If this pulling distance is not enough, the cells will not be completely separated 

on the acquisitions of consecutive force-distance curves. When conducting single-cell 

force spectroscopy experiments, a number of critical parameters need to be considered, 

such as pulling distance, contact force, time and speed of approach to and retraction from 

the surface. Like in single-molecule force spectroscopy, in single-cell force spectroscopy, 

the cell is attached to the cantilever and brought into contact with the other cell, adhered 

to the substrate276 as it can be seen on Figure 18. A tipless cantilever is positioned above 

the center of a cell and carefully lowered onto it for a set contact time and force. 

Thereafter, the cantilever-bound cell is retracted, the bonds between the cells cause the 

cantilever deflection157, 296.  

 

 

Figure 18 | AFM-based single-cell force spectroscopy using a cell attached to the 

cantilever to probe cellular interactions. (A) Binding of the cell to the cantilever: i) the 

AFM cantilever is positioned above a cell; (ii) the cantilever is pushed onto the cell and 

allowed to adhere; (iii) separating the cantilever from the support detaches the cell from 

the solid substrate and allows the bound cell to establish firm adhesion to the cantilever; 

and (iv) a cell (green) bound to a tipless cantilever. (B) Adhesion measurements using 

AFM: (a) the cantilever functionalized with the living cell is positioned over other cells; (b) 
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the cell is brought into contact with a cell of interest for a preset contact time; (c) the 

cantilever is retracted to separate the cells; and (d) the complete unbinding between cells 

is reached255. 

 

The AFM force-distance curves provide information about the individual bond 

strengths as well as the force and work that is required to separate the entire complex157, 

296. Combining single-molecule and multiple-bond data enable to describe the 

thermodynamic model of separation of a complex, as well as the mechanism of its action 

on the cellular scale297, 298. The force-distance curve describes the separation of a cell 

from a substrate and can be split into different phases (Figure 19).  

 

 

Figure 19 | Cell-cell adhesion force-distance curve. The resulting force-distance 

curve provides a signature of the cell adhesion and can be separated into several 

processes. The red line represents the approach curve and the green line the retraction 

curve. The cantilever/cell is moved towards the surface and no force is detected (A). 

When the cell is pressed onto the sample (contact point), the force increases until it 

reaches a preset level (B). After a given contact time, the cantilever/cell is moved away 

from the surface and the bonds that have been formed break sequentially (C), until the 

cell is completely separated from the surface (D). The maximum force measured is 

termed the detachment force (Fdetach). During separation, membrane tethers (T) can be 

pulled out of the cell. Tethers are characterized by long plateaus at constant force. The 

separation curve also includes the breaking of individual bonds, named jumps (J). The 

shaded area under the approach curve represents the work required to detach one cell 

from the other293.  
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Cantilevers functionalization for cell-cell adhesion 
 

The success of the cell force spectroscopy measurements depends on the binding of 

the cell to the cantilever. This important step means that the cantilever must be coated 

with a molecule that will allow the binding of the cell with bond strength higher than the 

force of the bonds that will be formed between the cantilever-bound cell and the second 

cell on the substrate. Several methods have been developed to attach cells to cantilevers. 

The most common is the use of concanavalin A276, a lectin that binds D-glucose and α-D-

mannose sugar moieties at the cell surface glycoproteins. Concanavalin A can be 

adsorbed onto plasma-cleaned cantilevers or attached via a streptavidin-biotin linker297, 

299. In more detail, this functionalization include different steps, as shown in Figure 20. 

 

 

Figure 20 | Functionalization of an AFM cantilever with concanavalin A. This is a 

multi-step process, where the cantilever should be initially activated and well-cleaned by 

UV treatment. Then, the cantilever is successively coated with biotinylated-bovine serum 

albumin (BSA) overnight, followed by the binding to streptavidin and, at the end, with 

biotinylated concanavalin A. Adapted from157. 

 

Alternatively, another lectin (wheat germ agglutinin300) or extracellular matrix 

proteins (such as collagen and fibronectin301) can be used to functionalize the cantilever 

for cell attachment302. 
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Indentation – cell elasticity 
 

The AFM can also be used as a microindenter, in order to obtain data about the 

biomechanical properties of the cell. Thus, cell elasticity can be measured by using the tip 

to indent the cell. The Hertzian theory of elastic contact is the most common used 

approach to estimate the elastic properties of cells from force indentation curves, using 

the depth of indentation to assess elasticity in terms of the Young’s elastic modulus. After 

the contact, the tip exerts a force against the cell that is proportional to the deflection of 

the cantilever. This is recorded as a function of the piezoelectric translator position during 

the approach and withdrawal of the AFM tip. The force-indentation curves of the cells are 

derived from these records and from measurements on a glass surface to calibrate the 

deflection of the cantilever. Estimates of the Young’s modulus are made. In the 

application of Hertz model of indentation, the relationship between the depth of 

indentation and the force applied to the indenter is experimentally determined303. 

This is a very powerful tool for in situ characterization of interfaces of 

heterogeneous polymer systems and measurements of the elasticity of biological 

structures, on different types of cells and organelles272, 295, 304 (Figure 21). Alterations on 

cell mechanical properties can be visualized during cell division, or on adding different 

drugs to the cell, such as, cytochalasin, which disrupts the cytoskeleton305. 

 

 

Figure 21  Changes on stiffness according to different cells/tissues. Differences on 

elastic modulus (in Pa) for cells, organs and tissues are shown, displaying distinct 

biomechanical properties306, 307. 
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Applications of AFM in Medicine 
 

There is an increasing number of reports using AFM as a nanomedicine tool182, 267, 

308. AFM has been widely applied on the imaging of biological samples under native 

conditions. However, probably the most remarkable advances are being achieved on the 

use of AFM to measure inter- and intramolecular interaction forces with pico-Newton 

resolution, not only to demonstrate this ability but also actually to solve biological and 

biomedical relevant raising questions. The potentialities of the atomic force microscopy 

as a tool with undeniable value for the study of biological samples are clear, becoming 

progressively a benchtop technique254. In general, its potential includes measuring local 

chemical, physical and mechanical properties of surfaces (charge density, rigidity, 

viscosity and elasticity) and intermolecular forces, as well as to manipulate single 

molecules254. 

Different applications have been reported in the last years to study the unfolding 

and folding of individual proteins309, 310, to be used in adhesion studies involving whole 

cells311, to be served as a microindenter to probe the cells reveling information about 

their mechanical properties, estimating the Young’s modulus of cells297, to observe the 

structural variability of native membrane proteins312, 313, to detect and locate ligand and 

inhibitor binding to membrane proteins314, 315, to probe specific interactions of cellular 

membranes316, among other255. Carvalho et al. implemented the AFM-based force 

spectroscopy technique as a highly sensitive, rapid and low operation cost nanotool for 

the diagnostic and unbiased functional evaluation of the severity of hematological 

diseases267. Cross et al. showed that cancer cells from patients have a significant decrease 

of their cell stiffness, when compared with healthy cells182. Another report used AFM to 

detect early stages of cartilage degeneration on osteoarthritis that could not be detected 

by the most common available techniques308. Our group also used AFM to understand the 

molecular determinants and identify the ligand for the dengue virus capsid protein on 

intracellular lipid droplets317 and very low density lipoproteins318. In another study, using 

different AFM modes, we showed that P-cadherin/Src family kinase signaling induces 

changes on the morphological and viscoelastic properties of breast cancer cells319. These 

cells revealed differences on their biomechanical properties and cell-cell adhesion, which 

are associated with a more invasive breast cancer cell phenotype.  
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Several studies have characterized the mechanical behavior of cells under healthy 

and pathological conditions, most of them using AFM182, 320, 321. It has been reported that 

many diseases have their cause at the molecular level, sometimes resulting in a 

malfunctioning of molecular recognition and directly impacting cell behavior. Thus, 

understanding the specific molecular forces between individual receptors and ligands can 

be of great relevance for the biomedical research community. The application of AFM-

based force spectroscopy as a diagnostic or prognostic tool is a very promising field for 

the near future. A detailed understanding of the molecular mechanisms involved on the 

development and progression of a disease will be essential for the future development of 

new treatments for it. AFM-based force spectroscopy measurements can surely 

contribute at this level. 
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Aims of the project 
 

Cardiovascular diseases are the leading cause of death and disability worldwide. 

Despite the progress on its prevention, diagnosis, prognosis and treatment, the molecular 

interactions of the blood components underlying these diseases are not well understood. 

With this in mind, the major objective of this Thesis was to understand the interaction 

between fibrinogen and erythrocytes in healthy and pathological conditions, pinpointing 

patients with increased cardiovascular risk. To achieve this main objective, we proposed 

to reach more specific goals: 

 To understand the effect of human plasma fibrinogen variants (namely the 

heterodimer and homodimer γ’ fibrinogen) on clot structure and network with 

erythrocytes. 

 To finish the identification of the fibrinogen receptor on the erythrocyte 

membrane (one of its units had already been identified before the beginning of this 

work, but not the other subunit). 

 To identify the binding sites on the fibrinogen molecule for its interaction with 

the erythrocyte membrane receptor. 

 To understand the influence of fibrinogen on erythrocyte-erythrocyte adhesion. 

 To evaluate the binding between fibrinogen and erythrocytes in different 

cardiovascular pathologies: chronic heart failure (ischemic and non-ischemic), 

essential arterial hypertension and stroke. 

 

The information achieved on the final aim will be useful to the development of new 

fibrinogen-erythrocyte binding inhibition strategies that could improve blood flow and 

microcirculation. 

To achieve those goals, a combination of in vitro and in silico approaches was 

applied. Several techniques and methodologies were used, namely, atomic force 

microscopy (AFM)-based force spectroscopy, laser confocal microscopy, magnetic 

tweezers, permeability analysis, scanning electron microscopy, enzyme-linked 

immunosorbent assay (ELISA), cell culture, site-directed mutagenesis, protein purification, 

whole blood viscosity, erythrocyte deformability and erythrocyte aggregation analysis. To 
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complement the molecular level information gathered, protein computational analysis 

was also applied. 

The work done on each of the topics indicated above is discussed in the following 

Chapters. At the beginning of each Chapter, there is an overview of the work motivation, 

key findings and main conclusions described on it. 

The published results will be displayed in agreement to the journal’s formatting 

rules, as the version published. Unpublished results will be added in the other Chapters. 
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Chapter II ▫ 

Impact of heterodimer γ’ fibrinogen  

on fibrin clot     
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Overview 
 

The work described in this Chapter was focused on the study of the interaction 

between the heterodimer γAγ’ fibrinogen and erythrocytes, as well as its influence on 

blood clot structure, properties and function. The rational for this study was that the total 

plasma fibrinogen contains an alternatively spliced γ-chain variant (γ’), which mainly 

exists as a heterodimer (γAγ’) that has recently received the most attention. Elevated γAγ’ 

levels have been associated with alterations in risk for bleeding or thrombosis. Different 

studies using isolated fibrin clots have been performed but there are scarce in vitro 

studies using fibrin clots containing erythrocytes. We found that the presence of 

erythrcoytes triggered variability in the fibrin network structure, individual fiber 

characteristics and overall clot properties. The presence of the γ’ chain, even combined 

with γA, altered the clot structure, becoming heterogeneous, and conditioned 

erythrocyte adhesion. Our data also enabled to hypothesize that clots with γAγ’ 

fibrinogen might interact differently with erythrocytes and, thereby, alter the risk for 

thrombosis. Further details are described on the Supplementary Information of this 

article. 

 

 

This work was mainly conducted on the Leeds Institute of Cardiovascular and 

Metabolic Medicine and Multidisciplinary Cardiovascular Centre, at Faculty of Medicine 

and Health, University of Leeds, United Kingdom, with the supervision of Prof. Robert 

Ariёns. 
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Abstract 
 

Plasma fibrinogen includes an alternatively spliced γ-chain variant (γ’), which mainly 

exists as a heterodimer (γAγ’) and has been associated with thrombosis. We tested γAγ’ 

fibrinogen-red blood cells (RBCs) interaction using atomic force microscopy-based force 

spectroscopy, magnetic tweezers, fibrin clot permeability, scanning electron microscopy 

and laser scanning confocal microscopy. Data reveal higher work necessary for RBC-RBC 

detachment in the presence of γAγ’ rather than γAγA fibrinogen. γAγ’ fibrinogen-RBCs 

interaction is followed by changes in fibrin network structure, which forms an 

heterogeneous clot structure with areas of denser and highly branched fibrin fibers. The 

presence of RBCs also increased the stiffness of γAγ’ fibrin clots which are less permeable 

and more resistant to lysis than γAγA clots. The modifications on clots promoted by RBCs-

γAγ’ fibrinogen interaction could alter the risk of thrombotic disorders. 

 

Keywords: cell adhesion, atomic force microscopy, magnetic tweezers, fibrin clot, γ’ 

fibrinogen. 

 

Graphical abstract description 

Comparison of the interaction between red blood cells (RBCs) and γAγA or γAγ’ fibrinogen. 

Schematic representation of the adhesion forces between two RBCs in the presence of γAγ’ fibrinogen, 

which affects clot properties and function. Changes on fibrin network structure, decreased fiber diameter, 

increased fibrinolysis and decreased permeability by γAγ’ fibrinogen-RBC interactions were encountered. 

The nanotechnology-based approach was essential to understand that the RBCs interact differently with 

clots made with γ’ chain fibrinogen splice variant instead of the common variant, γA. This may explain some 

of the cardiovascular clinical associations that have been reported for γ’ fibrinogen. 
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Introduction 
 

Fibrinogen is a 340 kDa homodimeric plasma glycoprotein, composed of three pairs 

of polypeptide chains, denoted Aα, Bβ and γ, linked together by 29 disulphide bonds1. A 

common variant of the fibrinogen is produced by alternative splicing of mRNA of the γ-

chain, called γ’ fibrinogen2. The γ’ isoform has a substitution of the final 4 carboxyl-

terminal amino acid residues (AGDV) of the prevalent γA-chain with a different 20-amino 

acid residue sequence (VRPEHPAETEYDSLYPEDDL), which includes a high proportion of 

negatively charged residues and two sulfated tyrosines. This variant accounts for 8-15% of 

all plasma fibrinogen, largely in the form of the heterodimer γAγ’, while the homodimer 

γ’γ’ accounts for less than 1% of total plasma fibrinogen3. γ’ fibrinogen has distinct 

biochemical and biophysical properties that distinguish it from the more common γA 

isoform4-6. Studies have highlighted that abnormal plasma levels of γAγ’ fibrinogen are 

associated with thrombotic diseases, such as coronary artery disease7, myocardial 

infarction8 and stroke9. Elevated levels of γ’ fibrinogen in patients with cardiovascular 

disease (CVD) were independent of the total plasma fibrinogen concentration7. This could 

indicate that the proportion of γ’ variant in plasma may be a risk factor for cardiovascular 

pathologies. However, reduced concentrations have been associated with 

microangiopathy syndrome10 and deep vein thrombosis11. Studies by Appiah et al. did not 

support the hypothesis that γ’ fibrinogen influences CVD events through its 

prothrombotic properties. Rather, γ’ fibrinogen concentrations seem to reflect general 

inflammation that accompanies and may contribute to atherosclerotic CVD, instead of γ’ 

fibrinogen being a causal risk factor12. In addition to this, Walton et al. found that 

elevated levels of γAγA fibrinogen promoted arterial thrombosis in vivo, whereas γAγ’ 

fibrinogen did not13. Nevertheless, as γ’ chain modulates clot formation in vitro, further 

studies are required to elucidate its functional properties and its possible relationship 

with bleeding disorders or thrombosis.  

The formation of a thrombus and subsequent impairment of blood flow to vital 

organs are the immediate cause of CVD events14. The architecture of the clot network 

affects clot stability, particularly its viscoelastic or mechanical properties and fibrinolytic 

characteristics15, 16. These aspects can determine if the clot is broken down by fibrinolysis 
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or if it will lead to occlusion or embolization17. Other studies have indicated the clinical 

relevance of fibrin clot structure. It has been shown that tightly packed and rigid clots 

with thinner fibers and low porosity are less susceptible to the action of thrombolytic 

agents18, 19, and a prolonged clot lysis time has been associated with CVD events20. 

Several studies have shown that clots produced from γAγ’ fibrinogen have a different 

structure and behave differently from γAγA clots4-6. Fibrin clots formed in the presence of 

the fibrinogen γ’ variant are more resistant to fibrinolysis, due to reduced binding of 

plasminogen and tissue plasminogen activator, leading to reduced plasmin generation21. 

Fibrinogen γ’ variant is associated with a heterogeneous, non-uniform clot structure, with 

more branch points than clots formed by γA chains6, 22, 23. In addition, γ’ fibrinogen binds 

to thrombin exosite II24. The binding of thrombin to the γ’ chain has been reported to 

modulate thrombin activity, particularly towards substrates that require exosite II 

interaction such as coagulation factors FV and FVIII (but not those dependent on exosite I 

interactions, e.g. fibrinogen and factor FXIII), which may influence clot structure6. 

However, some of the effects of γ’ fibrinogen on clot structure have been shown to be 

independent of thrombin, as clots produced with snake venom enzyme ancrod, which 

cleaves fibrinopeptide A from fibrinogen but not fibrinopeptide B, show similar structural 

abnormalities as those produced with thrombin22. On the other hand, it has been shown 

that the high affinity binding of thrombin to γAγ’-fibrin protects thrombin from inhibition 

by antithrombin, raising the possibility that γAγ’-fibrin serves as a scavenger and reservoir 

for thrombin in the clot25. 

Fibrinogen is thought to contribute to CVD, not only through altering the fibrin 

network structure, but also through several other mechanisms, such as promoting red 

blood cell (RBC) aggregation26. Although several studies on isolated fibrin clots have been 

performed, in vitro experiments using fibrin blood clots containing RBCs are scarce in the 

literature. RBCs play a role in blood coagulation by increasing blood viscosity, which is 

associated with propensity for clot formation27. RBCs have been shown to interact 

specifically with fibrinogen, with ca. 20,000 binding sites per RBC and a dissociation 

constant, Kd, of approximately 1.3 µM28. We have identified a specific receptor for 

fibrinogen on the surface of RBCs29-31.  

Despite their significance in thrombosis and hemostasis, relatively few studies have 

been conducted to describe the effects of RBCs on blood clot structure, particularly with 
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different fibrinogen variants. One complication of studying RBC-rich thrombi is that 

incorporation of RBCs into a thrombus seems uncontrolled and variable. This scarcity may 

also be, in part, due to the fact that the presence of RBCs in a clot often interferes with 

the techniques available to monitor clot structure32.  

The present study aimed to investigate, through atomic force microscopy-based 

force spectroscopy, the adhesion of RBCs in the presence of γAγA or γAγ’ fibrinogen 

variants. Moreover, we aimed to understand the effect of RBC-γAγ’ fibrinogen 

interactions on fibrin clot structure, properties and function through scanning electron 

microscopy, laser scanning confocal microscopy, magnetic tweezers and permeability 

studies.  
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Methods 
 

Purification of γAγA and γAγ’ fibrinogen 

The γAγA and γAγ’ fibrinogen variants were purified from human plasminogen-

depleted fibrinogen using anion-exchange chromatography (Millipore, Billerica, MA) as 

previously described22,23. Detailed description of the method can be found in 

Supplementary Material.  

 

Human RBCs isolation 

Blood from healthy donors was obtained, with written informed consent, at the 

Instituto Português do Sangue e da Transplantação (IPST, Lisbon) and at the University of 

Leeds. This study was approved by the joint Ethics Committee of Faculdade de Medicina 

da Universidade de Lisboa and Centro Hospitalar Lisboa Norte, and by the University of 

Leeds Medical School Ethical Committee. RBCs were isolated through standard 

procedures29-31. 

 

Atomic Force Microscopy (AFM) – Cell-Cell adhesion 

AFM studies were performed on a NanoWizard II atomic force microscope with a 

CellHesion 200 module (JPK Instruments, Berlin, Germany), mounted on an Axiovert200 

inverted optical microscope (Zeiss, Jena, Germany). RBCs were attached to tipless 

cantilevers through concanavalin A functionalization process (for details see 

Supplementary Material). RBCs on the substrate were adhered to poly-L-lysine coated 

glass slides. RBC-RBC adhesion was measured in the presence of different fibrinogen 

variants concentrations, from 0 to 1.0 mg/ml. Detailed description of the method can be 

found in Supplementary Material. 

 

Magnetic tweezers 

To examine the viscoelastic properties of the fibrin clots, magnetic tweezers were 

used. The magnetic microrheometer operates by applying a force of 40 pN to a 4.5 µm 

superparamagnetic bead (Dynabeads M-450 Epoxy, Invitrogen, Paisley, UK) using a 
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magnetic field gradient generated by four electromagnets in 2D directions. The device 

was used coupled with an Olympus IX71 inverted microscope (Olympus, UK) 

incorporating an ultralong working objective (40× magnification) and a CCD camera. 

Particle tracking, electromagnet control and image analysis were performed in real time 

using custom written Labview 7.1 software (National Instruments, Newbury, UK). Fibrin 

clots were formed with and without RBCs. The viscoelastic properties were measured 

using the procedure of Evans et al.33. The parameters G’, G’’ and Tan δ were calculated at 

a frequency of 0.1 Hz. The displacement of 8 random magnetic beads was measured per 

sample, and each sample was studied at least in triplicate. Please find detailed description 

in Supplementary Material. 

 

Fibrin clot permeability 

To study the clot permeability, samples were prepared in triplicate, according to the 

standardized protocol published by the Fibrinogen and FXIII Subcommittee of the 

International Society on Thrombosis and Hemostasis (ISTH)34. Purified fibrinogen samples 

(final concentration of 1 mg/ml) were incubated with 1 U/ml human thrombin 

(Calbiochem, Nottingham, UK) and 2.5 mM CaCl2. Samples were placed in mechanically 

scratched open clotting tips for 120 min, at room temperature, in a humidity chamber. A 

detailed description of the method can be seen in Supplementary Material.  

 

Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to further investigate the structure of 

clots formed with γAγA and γAγ′ fibrinogen in the presence or in the absence of RBCs.  

Clots were generated by adding 100 µl of γAγA or γAγ’ fibrinogen variants (final 

concentration of 1 mg/ml) to 10 µl of activation mixture (human thrombin 1 U/ml and 10 

mM CaCl2, final concentrations, in TBS (50 mM Tris, 100 mM NaCl, pH 7.5)). All details of 

the procedure are described in Supplementary Material.  
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Laser scanning confocal microscopy 

Fibrin clots were prepared according to the procedure described in Supplementary 

Material. Three random areas of the clot were visualized under higher magnification. 20 

μm optical z-stacks were obtained and projected into 2D images. In order to obtain 3D 

images of the fibrin clots, 40 μm z-stacks were also performed. Confocal microscopy was 

also used to assess, in real time, the rate of fibrinolysis following the procedure also 

described in Supplementary Material. 

 

Statistical Analysis 

Descriptive statistics are given as mean ± standard error of mean (SEM). Unpaired 

Student’s t-test was used for statistical analysis of comparisons between two groups. 

Non-parametric analysis was also performed in cell-cell adhesion data, applying the Mann 

Whitney U test. P-values below 0.05 were considered to indicate statistical significance. 

Statistical analyses were performed using GraphPad Prism 5 (La Jolla, CA, USA). 
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Results 
 

RBC-RBC adhesion is altered in the presence of fibrinogen variants 

Atomic force microscopy (AFM) experiments were performed to investigate RBC 

cell-cell adhesion and the influence of γAγ’ and γAγA fibrinogen variants in the cells 

adhesion. We evaluated the interaction between RBCs, in the presence of different 

concentrations of γAγA and γAγ’ fibrinogen variants, up to 1.0 mg/ml, by force-distance 

retract curves (Figure 1). 

Force spectroscopy data showed that, in the presence of low concentrations of γAγ’ 

fibrinogen, the work (thermodynamic parameter corresponding to the area under the 

curve on a force × distance plot, Figure 1B) required to detach one RBC from another was 

higher than in the presence of the same concentration of γAγA fibrinogen (0.87 ± 0.07 fJ 

vs. 0.55 ± 0.04 fJ, p = 0.0275, for 0.1 mg/ml fibrinogen, and 1.03 ± 0.06 fJ vs. 0.65 ± 0.07 fJ, 

p < 0.0001, for 0.4 mg/ml fibrinogen) (Figure 1C). At higher concentrations of fibrinogen 

variants, statistically significant differences between both variants were not observed (for 

1.0 mg/ml fibrinogen, 0.71 ± 0.05 fJ for γAγ’ vs. 1.10 ± 0.13 fJ for γAγA, p = 0.144; for 0.7 

mg/ml fibrinogen, 0.57 ± 0.07 fJ for γAγ’ vs. 0.86 ± 0.04 fJ for γAγA, p = 0.248). γAγA 

fibrinogen concentrations showed a clear dose-response for interactions with RBCs, 

whereas γAγ’ had a dual effect at low and high concentrations (Figure 1C). Values of the 

maximum detachment force (schematically explained in Figure 1B) were also calculated. 

As shown on Figure 1D, statistically significant differences between the values of 

maximum RBC-RBC detachment force in the presence of γAγ’ or γAγA fibrinogen were 

found at all fibrinogen concentrations: for 0.1 mg/ml fibrinogen, 141.8 ± 17.2 pN for γAγA 

vs. 173.6 ± 0.85 pN for γAγ’, p = 0.0279; for 0.4 mg/ml fibrinogen, 246.3 ± 5.64 pN for 

γAγA vs. 203.7 ± 0.70 pN for γAγ’, p < 0.0001; for 0.7 mg/ml fibrinogen, 141.2 ± 5.35 pN 

for γAγA vs. 170.3 ± 0.95 pN for γAγ’, p < 0.0001; and, for 1 mg/ml fibrinogen, 182.9 ± 

9.80 pN for γAγA vs. 205.5 ± 1.90 pN for γAγ’, p = 0.0054). With the exception of the data 

obtained for 0.4 mg/ml fibrinogen, the values of maximum detachment force obtained 

for γAγA fibrinogen were always lower than those of γAγ’ fibrinogen. 
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Figure 1 | AFM cell-cell adhesion data. A) Schematic representation of the adhesion 

between two RBCs (one chemically attached to the cantilever and the other on the poly-

L-lysine-treated substrate) in the presence of fibrinogen variants. B) Representative force-

distance curve with the relevant analyzed parameters, namely, work of cell-cell 

detachment (grey area), maximum detachment force, jumps and membrane tethers 

(insets magnify examples of a jump and a membrane tether event on the force-distance 

curve). C) Work necessary to overcome RBC-RBC adhesion in the presence of different 

concentrations of γAγA or γAγ’ fibrinogen (*, p = 0.0275; ***, p < 0.0001). D) Maximum 

detachment force values to detach two RBCs (*, p = 0.0279; **, p = 0.0054; ***, p < 

0.0001). E) Jumps and F) membrane tethers force data (**, p ≤ 0.0069; ***, p < 0.0001) in 

the presence of each fibrinogen variant or in their absence. Values are presented as mean 

± standard error of mean (SEM).  
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After the initial maximum detachment force, two types of jumps could be observed 

on the force curves (Figure 1B): jumps preceded by a ramp of force or jumps preceded by 

a force plateau. We considered a membrane tether as a step in force detected after a 

force plateau of 0.25 µm in distance. Jump events were assigned to the unbinding of 

membrane ligand-receptor interactions without a preceding membrane deformation, 

while membrane tether events corresponded to situations where a membrane tether was 

extruded before the unbinding of the ligand-receptor complex (Figure 1B)35. A 

combination of each of the parameters extracted from the force-distance curves 

(maximum detachment force, number of jumps events/curve × mean force of jumps and 

number of membrane tethers events × mean force of tethers) could be considered as the 

value of the work needed to detach one cell from another. Similarly to the values of work 

(Figure 1C), the same profile is observed for the values of force of jumps and membrane 

tethers events with increasing fibrinogen concentrations when comparing both fibrinogen 

variants. As depicted in Figure 1E, F, at lower fibrinogen concentrations, jumps and 

membrane tethers displayed higher forces for γAγ’ fibrinogen, when compared to γAγA 

variant, both for 0.1 mg/ml fibrinogen (jumps, 68.52 ± 2.42 pN vs. 40.40 ± 0.80 pN, p < 

0.0001; membrane tethers, 79.80 ± 7.06 pN vs. 47.56 ± 3.37 pN, p < 0.0001) and 0.4 

mg/ml fibrinogen (jumps, 80.82 ± 3.45 pN vs. 74.94 ± 3.31 pN, p = 0.0061; membrane 

tethers, 91.91 ± 6.32 pN vs. 68.08 ± 9.69 pN, p = 0.0069). Figure 1E, F also shows that, at 

higher fibrinogen concentrations, similarly to the values of work, higher forces of jumps 

and membrane tethers were measured for γAγA fibrinogen, when compared to the γAγ’ 

variant. This becomes evident at 0.7 mg/ml of fibrinogen (jumps, 70.94 ± 4.36 pN vs. 

24.01 ± 0.77 pN, p < 0.0001; membrane tethers, 117.75 ± 14.64 pN vs. 36.47 ± 5.13 pN, p 

< 0.0001) and at 1.0 mg/ml of fibrinogen (jumps, 201.51 ± 8.54 pN vs. 93.41 ± 2.85 pN, p < 

0.0001; membrane tethers, 313.95 ± 58.05 pN vs. 135.51 ± 7.98 pN, p > 0.05). 

 

RBCs influence γAγ’ fibrin clot mechanical properties  

The viscoelastic properties of γAγA and γAγ’ fibrin clots were examined using a 

magnetic microrheometer and the influence of RBCs was studied. In agreement with 
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previous findings22, we observed that γAγA clots were stiffer than γAγ’ (storage modulus 

G’ 1.076 ± 0.065 Pa vs. 0.512 ± 0.051 Pa, respectively; p < 0.0001) (Figure 2).  
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Figure 2 | Viscoelastic properties of the purified γAγA and γAγ’ fibrinogen clots. 

Storage modulus G’ (elastic modulus) data are presented in the presence of 0.5% RBCs 

and in the absence of RBCs (***, p < 0.0001 for γAγA vs. γAγ’ and for γAγ’ vs. γAγ’ + RBC). 

Fibrinogen concentration was 0.5 mg/ml. Values are presented as mean ± SEM. 

 

The presence of RBCs in the γAγA fibrin clots did not statistically change their 

stiffness. On the other hand, a significant increase in the stiffness of γAγ’ clots was 

observed in clots with RBCs, when compared to those without RBCs (1.220 ± 0.104 Pa vs. 

0.512 ± 0.051 Pa, respectively; p < 0.0001). There were no significant differences on 

storage modulus G’ between γAγA and γAγ’ clots in the presence of RBCs; however, there 

was a trend for the γAγ’ clots to be stiffer than γAγA clots (Figure 2). 

In addition, we observed a statistically significant change on loss tangent (Tan δ) 

comparing γAγA clots with RBCs and without RBCs (0.460 ± 0.066 vs. 1.013 ± 0.126, 

respectively; p = 0.0008), but only a trend for higher Tan δ in γAγ’ with RBCs than for this 

variant in the absence of RBCs (data not shown). 
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RBCs reduce γAγ’ fibrin clot permeability 

To characterize the fibrin network of γAγA and γAγ’ fibrin with and without RBCs, 

permeability experiments were performed. The results for the Darcy constant (Ks), which 

represent the pore size of the fibrin clot, are shown in Figure 3. 

Importantly, in the presence of RBCs, normalized Ks was higher for γAγA fibrin clots 

with RBCs ((2.44 ± 0.31) × 10-9cm2) than for γAγ’ fibrin clot with RBCs ((1.40 ± 0.10) × 10-

9cm2) (p = 0.0001). Thus, when comparing clots of both fibrinogen variants with RBCs, the 

γAγ’ clots were less porous.  
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Figure 3 | Normalized permeability data (normalized in percentage against Ks of 

each variant without RBCs) in the presence of RBCs for fibrin clots formed with purified 

γAγA or γAγ’ fibrinogen. Darcy constant, Ks, represents the average size of the pores 

within the clot (*, p = 0.0319). Values are presented as mean ± SEM. 

 

RBCs influence γAγA and γAγ’ fibrin clot structure  

Scanning electron microscopy data showed differences between the structures of 

the fibers formed by γAγA or γAγ’ fibrinogen (different magnification micrographs from 

each sample are shown in Figure S1 in the supplementary information).  

We next investigated the structure of clots formed in vitro in the presence of RBCs 

to determine the effect that these cells might have on clot structure in vivo. RBCs tended 

to be heterogeneously spread throughout the sample, particularly in clots produced with 



 
 

100 
 

γAγ’ fibrin (Figure 4). Upon the addition of 20% RBCs, the structure of the γAγ’ clot 

became more heterogeneous, with densely packed fiber regions, as well as, large holes 

where more RBCs were located (Figure 4B, D, F). γAγ’ fibrin fibers were thinner and the 

network of the clot showed more interconnections with RBCs compared to γAγA fibers. 

On the micrographs of Figure 4B, D and F, it can be noticed that γAγ’ fibrin clots contained 

more free fiber ends and there were more fiber-to-RBC points of connections, when 

compared to γAγA fibrin clots (Figure 4A, C, E) resulting in “clustered” cell arrangements. 

 

Figure 4 | Scanning electron micrographs of fibrin fiber clots with 20% of RBCs. 

Fibers were formed from 1.0 mg/ml fibrinogen variants γAγA (A, C and E) and γAγ’ (B, D 

and F). White arrows in A indicate the more homogeneous structure in the γAγA clot 
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network, when compared with the areas of small and large holes, pinpointed by red 

arrows in B, associating a more heterogeneous structure to the γAγ’ clots. The free fiber 

ends and the fiber-to-RBC points of connections are represented as small circles, being 

more frequent for γAγ’ (red circles in F) than for γAγA (white circles in E). Magnifications: 

A and B, 2500×; C and D, 5000×; E and F, 25000×. 

 

In order to measure the diameter of the fibers, twenty fibers from 50000× 

magnification images were assessed on 2 different clots from each condition and in 3 

different zones of the clot. Average fiber diameters were smaller in γAγ’ fibrin compared 

to the γAγA variant (18.29 ± 1.32 nm vs. 41.10 ± 1.58 nm; p < 0.0001) (Figure 5). The 

presence of RBCs in the fibrin clot caused a decrease of the γAγA fibers diameters 

compared to the clot without RBCs (41.10 ± 1.58 nm in the absence of RBCs vs. 35.39 ± 

2.46 nm in the presence of RBCs; p = 0.044) (Figure 5). The presence of RBCs on clots with 

γAγ’ fibers did not statistically change the diameter of the fibers compared to the clots 

without cells. However, clots with RBCs and prepared with γAγ’ fibrinogen led to thinner 

fibers than those produced with γAγA fibrinogen and RBCs (35.39 ± 2.46 nm for 

γAγAvs.15.23 ± 0.98 nm for γAγ’; p < 0.0001) (Figure 5).  
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Figure 5 | Diameters of purified γAγA and γAγ’ fibrin fibers in the absence or in 

the presence of 20% of RBCs. Fiber diameters were measured from 20 random fibers of 

each image using a 50000× magnification (*, p = 0.0439; ***, p < 0.0001). 



 
 

102 
 

Increased fibrinolytic resistance of γAγ’ fibrin clots in the presence of RBCs 

We used laser scanning confocal microscopy (LSCM) to study clot structure and 

resistance to fibrinolysis in the presence and absence of RBCs for each fibrin variant. 

Figure 6 shows representative examples of the confocal micrographs obtained for 

fiber clots made with γAγA and γAγ’ purified fibrinogen variants. In clots formed with 

γAγA fibrinogen, the area occupied by the fibers seems to be larger (Figure 6A) than for 

the clots with γAγ’ fibrinogen (Figure 6B).  

 

Figure 6 | Laser scanning confocal microscopy images of fiber clots formed with 

purified γAγA (A and C) and γAγ’ (B and D) fibrinogen, at 1.0 mg/ml fibrinogen 

concentration. Alexa 488-labelled fibrin fibers are shown in green. Confocal micrographs 

of fiber clots with 2% of RBCs formed with 1.0 mg/ml of purified γAγA (C) and γAγ’ 
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fibrinogen (D). RBCs were labeled with Vibrant DiD cell-labeling solution (red). Z-stack 

images at 40 µm and 63× magnification are shown in panel A and B and Z-stacks images 

at 20 µm, also with 63× magnification are shown in panel C and D. 

 

However, these differences were not statistically significant. In agreement with SEM 

imaging and with previous studies22, there was a clear difference between the structures 

of γAγA and γAγ’ fibrin. The γAγA fibrin clots were composed of longer and straighter 

fibers than γAγ’ fibrin clots. The later showed fibers that were shorter and clustered, 

producing larger pores. However, we did not find differences regarding the fiber density 

comparing γAγA with γAγ’ fibrin clots (Figure S2 in Supplementary information). 

Relevant was to study the micrographs of fibrin clots from γAγA and γAγ’ fibrinogen 

variants in the presence of 2% of RBCs as shown on Figure 6 (C, D). In the presence of 

γAγA fibrinogen, the network of the fibers seemed straighter and denser. In clots with 

γAγ’ fibers, we observed that the fibers were more clustered and the RBCs were more 

visible. We also studied fibrin clots in the presence of 5% and 10% of RBCs by LSCM; 

however, the high number of RBCs did not allow clearly differentiating fibrin fibers from 

RBCs. Thus, technical limitations restricted us to increase the amount of RBCs closer to 

the physiological range (the normal hematocrit is ~40% RBCs). 

Finally, we studied fibrinolysis of clots made with both fibrinogen variants (Figure 

7). In line with previous studies21, a significant increase in lysis time was observed for γAγ’ 

compared with γAγA fibrin clots (15.82 ± 1.48 min vs. 10.54 ± 0.44 min, respectively; p = 

0.0267). During the experiment, we observed a non-uniform lysis of the γAγ’ fibrin clot, 

taking more time to achieve complete lysis than the γAγA clot (videos in Supplementary 

information). 
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Figure 7 | Fibrinolysis time were assessed by laser scanning confocal microscopy 

from clots formed with purified γAγA and γAγ’ fibrinogen, in the absence and presence 

of RBCs (10%). The serial time scans were taken with 40× magnification. Values are 

shown as mean ± SEM (*, p ≤ 0.0476). 

 

We measured the lysis time for γAγA and γAγ’ clots in the presence of 5% (data not 

shown) and 10% of RBCs. Under these conditions, there were no significant differences in 

fibrinolysis times in the presence of RBCs, when compared to the clots without RBCs. 

Statistical significance was observed in fibrinolysis times for γAγA vs. γAγ’ fibrin clots in 

the presence of RBCs (12.03 ± 0.49 min vs. 18.30 ± 1.47 min; p = 0.0476). 
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Discussion 
 

In this study, we evaluated the interaction of purified γAγ’ and γAγA fibrinogen with 

RBCs, as well as their influence on the structure and function of clots formed with both 

variants. They show a discernible effect of the presence of RBCs on fibrin clot structure 

and function. To pursue this study further, we purified the main component of plasma 

fibrinogen, γAγA, and its splice-variant, γAγ’. Cell-cell adhesion studies were performed to 

evaluate the relative roles of both fibrinogen variants on the interaction between RBCs. 

We also evaluated the changes of biophysical properties of the clots, by studying their 

permeability and viscoelastic properties. By laser scanning confocal microscopy and 

scanning electron microscopy, we directly observed the effects of RBCs on the 

architecture of clots formed from γAγ’ and γAγA fibrinogens.  

AFM data showed that in the presence of low concentrations of γAγ’ fibrinogen (≤ 

0.4 mg/ml), the force of the binding between two RBCs was higher than with γAγA 

fibrinogen. Statistically significant differences between both fibrinogen variants at all 

fibrinogen concentrations were obtained for the values of force for the maximum cell-cell 

detachment, jumps and membrane tether events. Although these three parameters 

contribute to the values of the work necessary to completely detach two RBCs, no 

statistically significant variations were obtained for this parameter at fibrinogen 

concentrations ≥ 0.7 mg/mL. 

Thus, at lower fibrinogen concentrations, γAγ’ fibrinogen binds more promptly to 

RBCs, inducing higher RBC-RBC adhesion than γAγA fibrinogen. RBCs adhesion has a clear 

γAγA fibrinogen dose response curve, whereas γAγ’ did not. This could be due to 

differences in fibrinogen variant molecular conformations and net protein electrostatic 

charge, which could lead to different binding affinities at different fibrinogen 

concentrations. It is known that RBCs present sialic acid residues on their surface, 

contributing to their negative surface charge, which induces repulsive electrostatic forces 

that minimize RBC aggregation under blood flow conditions36. The binding of the more 

negatively charged γ’ fibrinogen to RBCs may increase the overall negative cell surface 

charge. This may overcome the strong RBC-RBC interactions observed at lower γAγ’ 

fibrinogen concentration, by lowering cell-cell adhesion forces, due to increased 

electrostatic repulsion. On the other hand, γAγA fibrinogen lacks the negatively charged 
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sequence of the γ’ chain, leading to an increase of RBC-RBC adhesion upon increasing its 

concentration. 

Previous studies have shown that RBCs influence the viscoelastic properties of the 

clot32, 37. Our evaluation of the viscoelastic properties of the clots revealed that γAγA 

fibrin clots are stiffer than γAγ’ fibrin clots in the absence of RBCs, in agreement with 

previous studies on the effect of γAγ’ on clot stiffness22. Our data shows that γAγ’ clots 

are inherently weaker. This is likely due to differences in fibrin fiber structure. We 

recently demonstrated that fibrinogen γ’ influences intrafibrillar structure of fibrin and 

significantly reduces the average number of protofibrils packed within the fibrin fiber, 

thereby influencing clot stiffness38. In γAγA fibrin clots, more protofibrils are packed 

within fibrin fibers, which increases the rigidity and the viscosity of the clot, when 

compared to γAγ’ fibrin clots. In this study, the presence of RBCs did not influence the 

stiffness of the γAγA fibrin clots. In γAγ’ fibrin clots, the presence of RBCs resulted in a 

significant increase in stiffness. This indicates that the combination of γAγ’ fibrinogen 

variant and RBCs may affect clot structure and mechanical properties. The stiffening of 

the γAγ’ fibrin clots in the presence of RBCs may be related to rearrangements of 

protofibril packing or significant modifications in clot structure. The imaging by SEM of 

the clot structure in the presence of RBCs, compared to its absence, showed a looser 

structure in clots produced with γAγ’ fibrinogen, which may be more prone to creep, as 

well as more fiber interconnections, which turn the clot more rigid. Our data indicates 

that RBCs are not a mere bystander in blood clot formation. Indeed, other studies have 

shown that RBCs influence fibrin network structure and pore size39, 40. A decrease in the 

permeability of fibrin clots after the addition of RBCs was shown to be proportional to the 

total RBC surface area and their total concentration40. Here, we show that the addition of 

RBCs promotes the decrease of permeability. Importantly, we show that the γAγ’ clots 

with RBCs were less porous than γAγA clots with RBCs. This could potentially lead to pro-

thrombotic clots, due to a higher resistance to fibrinolysis41. In agreement with this, we 

also found an increase in the lysis time of γAγ’ clots with RBCs, when compared to γAγA 

clots with RBCs. 

According with previous studies22, 23, SEM and confocal microcopy showed that the 

clots formed by γAγA and γAγ’ fibers have a different structure. The incorporation of RBCs 

has an important impact on fibrin fiber size and on its network structure. Regions of 
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higher and lower RBC density were clearly visible in the clots made with γ’ fibrinogen. In 

the presence of RBCs, the γ’ fibrin clots were more heterogeneous, seeming to form a 

looser structure when compared with the clots of γA fibrinogen. These findings are 

supported by our AFM data. At high γAγ’ fibrinogen concentrations, the work necessary 

to detach two RBCs was the same that the one achieved in the presence of γAγA 

fibrinogen. In agreement with this, the clot might become looser, with a higher ability to 

deform and embolise, eventually blocking a downstream blood capillary.  

The γAγ’ fibrin clots contain a large number of free fiber ends. Fiber ends are 

normally found at low levels in scanning electron micrographs of fibrin clots, and have 

been suggested to arise from early truncation of protofibril formation or lateral 

aggregation42, 43. It was previously proposed that the negative charge of γAγ’ fibrinogen 

on the D-D interface may disrupt oligomerization and, therefore, interrupt the continuous 

growth of the protofibril, leading to highly branched fibers44, 45.  

This study has shown that the incorporation of RBCs into the clot affects fibrin fiber 

formation. RBCs induced thinning of fibers in fibrin clots formed with γAγA, but not with 

γAγ’ fibrinogen. However, in the presence of RBCs, γAγA fibers remained significantly 

thicker than γAγ’ fibers. Here, we could conclude that thinner fibrin fibers (such as γAγ’ 

fibrin fibers) form highly branched networks. We propose that growing fibers surround 

RBCs, interacting with them through an RBC surface receptor. We have already reported 

the existence of a receptor for fibrinogen on RBCs29-31: RBCs specifically bind fibrin(ogen) 

via an integrin receptor with a β3 subunit29, possibly αvβ3
31. 

Previous studies indicated that fibrin clots with increased fiber branching and 

resistance to fibrinolysis are a risk factor for thrombosis15. Fibrinolysis data showed that 

the lysis time of a γAγ’ fibrin clot is longer than for a γAγA clot, as already reported4, 5. The 

presence of RBCs seems to increase the lysis time. However these studies were 

conducted with a 10% hematocrit, due to technical limitations, considerably below the 

normal hematocrit of ~40% RBCs. Aleman et al. and Tutwiler et al. suggested that RBCs 

cause direct and complex effects on clot structure and stability46, 47. Furthermore, RBCs 

can support thrombin generation and decrease fibrinolysis, suggesting that RBCs may 

promote fibrin deposition during venous thrombosis46. Other authors reported the role of 

RBCs on stabilizing clots based on suppressed tissue plasminogen activator (tPA)-induced 

fibrinolysis in RBC-modified fibrin structures. They also observed, using eptifibatide 
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inhibition, that RBCs modulate fibrinolysis through a specific fibrinogen receptor41. Collet 

et al. demonstrated that fibrin clots with a tight fibrin conformation made of thinner 

fibers were lysed at a slower rate than those with a loose fibrin conformation made of 

thicker fibers, although the overall fibrin content remained constant48. The γAγ’ clot is 

more heterogeneous than the γAγA clot. The densely packed areas with fibers and RBCs 

may impair the diffusion of fibrinolytic agents. However, at the same time, there are 

areas with large holes, where their diffusion may be increased. It was suggested that the 

slower lysis of γ’ clots is due to delayed fibrinopeptide B release, leading to a delay of 

plasminogen binding and activation21.  

Some of these findings may provide a mechanism underpinning the epidemiological 

data suggesting that a high ratio between γAγ’ and γAγA fibrinogen variants may be a risk 

factor for thrombotic disease7-9. Further studies on the prothrombotic nature of RBCs and 

on fibrinogen variants are necessary to fully understand the contribution of the γ’ chain 

and RBCs to different etiologies of thrombotic diseases. 

In conclusion, the incorporation of RBCs into a fibrin clot significantly affects the 

clot structure and its mechanical properties. RBCs interact differently with clots made 

with γ-chain fibrinogen splice variants, which may explain some of the cardiovascular 

clinical associations that have been reported with these fibrinogen variants. 
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Sensing adhesion forces between erythrocytes and γ’ fibrinogen, modulating fibrin clot 

architecture and function 

 

Ana Filipa Guedes1,2, Filomena A. Carvalho1, Marco M. Domingues1,2, Fraser L. Macrae2, 

Helen R. McPherson2, Nuno C. Santos1,*#, Robert A. S. Ariёns2,*# 

 

Supplementary methods 

 

Purification of γAγA and γAγ’ fibrinogen 

The variants were separated by chromatography on DE-52 resin using an AKTA 

Avant 25. Before chromatography, fibrinogen was dissolved in equilibration buffer (39 

mM Tris, 5 mM H3PO4, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine 

and 5 mM ɛ-aminocaproic acid, pH 8.6). Elution of the fibrinogen variants was established 

by a concave gradient from equilibration buffer to elution buffer (0.5 M Tris, 0.65 M 

H3PO4, 0.5 mM PMSF, 1 mM benzamidine and 5 mM ɛ-aminocaproic acid, pH 4.2). 

Fractions containing γAγA and γAγ’ were concentrated using a Vivaspin centrifugal 

concentrator (Sartorius, Germany). Protein peaks were analyzed by 8%-12% SDS-PAGE 

electrophoresis and protein concentration was determined by spectrophotometry, using 

a molar extinction coefficient at 280 nm of 1.51 mg-1.ml.cm-1.  

 

Atomic Force Microscopy (AFM) – Cell-Cell adhesion 

For the cell-cell adhesion studies, RBCs were diluted to 0.1% hematocrit on BSGC 

with CaCl2 and placed on a clean poly-L-lysine coated glass slide. Cells were firmly 

attached to poly-L-lysine according to our previous procedures1,2,3. 

RBCs were attached to tipless cantilevers (Arrow TL2, NanoWorld AG, Switzerland) 

using the lectin concanavalin A (ConA). Initially, the cantilever was UV-light treated and 
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then subsequently coated with biotinylated BSA (0.5 mg/ml, at 37ºC, overnight), 

streptavidin (0.5 mg/ml, for 30 min) and finally biotinylated ConA (0.4 mg/ml, for 30 min). 

This way, the cell could be attached to the flexible cantilever and brought into contact 

with the second cell, attached to poly-L-lysine coated glass slide (substrate). The applied 

force was adjusted to 300 pN before retraction. Data collection for each force-distance 

cycle was performed at 2 µm/s, with a z-length of 30 µm. Retraction and extension delays 

were set to 5 s. Force curves were analyzed using JPK image processing software v. 4.2.61 

(JPK Instruments, Berlin, Germany). 

Fibrinogen was added, at different concentrations, to BSCG with CaCl2 and allowed 

to incubate for 15 min before starting the measurements. For each cell attached to the 

cantilever, approximately 40 force vs. distance curves were performed for each fibrinogen 

concentration (5 curves per RBC on the substrate). At least 3 cantilevers, with 6 different 

cells attached (2 cells/cantilever) were tested on each condition.  

 

Magnetic tweezers 

The fibrin clots were prepared using fibrinogen variants at 0.5 mg/ml, CaCl2 at 5.0 

mM and thrombin at 1 U/ml. Magnetic beads were added at 1:250 (v:v), just before the 

addition of CaCl2 and thrombin. Immediately after thrombin addition, the mixture was 

transferred to a small capillary tube, which was sealed with vaseline on both ends to 

avoid sample dehydration. The magnetic beads are trapped within the polymerizing fibrin 

clot network. Viscoelastic properties of the blood clots after the addition of RBCs were 

also evaluated. For these experiments, 0.5% of RBCs were added for each condition. In 

each experiment, an isolated magnetic bead was selected (away from capillary walls) and 

tested. 

The viscoelastic properties were measured, calculating the parameters of G’, G’’ and 

Tan δ. The storage modulus, G’ (elastic modulus), is a measure of the elastic energy 

stored during deformation and relates to clot stiffness. The loss modulus G’’ (viscous 

modulus), is a measure of the energy dissipated during deformation and relates to clot 

viscosity. The loss tangent (Tan δ) or damping factor (G’’/G’), indicates the physical 

behavior of a system, thus showing the ratio of the viscous and the elastic portion of the 

viscoelastic deformation. For a viscous material, Tan δ>>1, i.e., G’’>>G’, whereas for an 
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elastic solid, Tan δ<<1, i.e., G’’<<G’. For a viscoelastic material with Tan δ≈1, the amounts 

of energy dissipated and stored are similar. 

 

Fibrin clot permeability 

To study clot permeability, samples were prepared in triplicate, according to the 

standardized protocol published by the Fibrinogen and FXIII Subcommittee of the 

International Society on Thrombosis and Hemostasis (ISTH). 

Briefly, purified fibrinogen samples (final concentration of 1 mg/ml) were incubated 

with 1 U/ml human thrombin (Calbiochem, Nottingham, UK) and 2.5 mM CaCl2. Samples 

were incubated in mechanically scratched open clotting tips for 120 min, at room 

temperature, in a humidity chamber. The tubes with the fibrin clots were connected via a 

silicone tube to a reservoir containing TBS buffer (50 mM Tris, 100 mM NaCl, pH 7.5), with 

4 cm of pressure drop. After the clot had been washed for 120 min, flow rates of buffer 

through the fibrin clots were calculated every 30 min for 120 min on each tube. For each 

30 min time point, the eluted buffer solution was collected and the volume was analyzed 

by weight measurements using an analytical balance. The fibrin clot permeability was also 

evaluated with 2% of RBCs. From the extracted data, the Darcy constant, Ks, which 

represent the average pore size within the clot, was calculated as previously described, 

using the equation: 

   
     

      
   (1) 

Where Q is the volume of liquid (ml), with viscosity η (10−2 poise), flowing through a 

clot with length L (1.3 cm) and a cross-sectional area A (0.049 cm2), in time t (s), under a 

pressure ΔP (dyn/cm2). The unit of the resulting Darcy constant is cm2. The mean value of 

Ks was calculated from triplicates for each sample. 

 

Scanning electron microscopy 

To prepare the clots of γAγA and γAγ’ fibrinogen variants (100 µl, final 

concentration of 1 mg/ml) were added to the activation mixture (10 µl, human thrombin 

1 U/ml and CaCl2 10 mM, final concentrations, in TBS). The mixtures were immediately 

transferred to pierced Eppendorf lids. Clots were formed in a humidity chamber at room 
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temperature for 120 min. Clots were washed with saline solution to remove excess salt 

and prepared for microscopy by fixation in 2% glutaraldehyde solution for at least 120 

min. Clots were further washed with sodium cacodylate buffer and dehydrated in a series 

of increasing concentrations of acetone (30–100%). Clots were critical-point dried with 

CO2, mounted onto stubs and sputter-coated with platinum using a Cressington 208 HR 

(Cressington Scientific Instruments, Watford, UK). Clots were also prepared in the 

presence of 20% RBCs. They were observed and photographed digitally in at least 3 

different areas per clot, using a scanning electron microscope Hitachi SU8230 FE-SEM 

(Hitachi, Tokyo. Japan), at 5 different magnifications (2500 ×, 5000 ×, 10000 × (data not 

shown), 25000 × and 50000 ×). Clots were also formed in duplicate. Average fiber 

diameters were measured from 20 random fibers of each image in high magnification 

(50000 ×) using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Each 

cross-section measurement was performed over a single fibrin fiber and values of the 

fibrin diameter were extracted and averaged. All cross-section measurements were 

performed away from the branching points, in order to avoid biased results.  

 

Laser scanning electron microscopy 

Fibrin clots were prepared by mixing purified fibrinogen variants (1.0 mg/ml) with 

CaCl2 (5 mM), 5% AlexaFluor 488 fibrinogen (Invitrogen, Paisley, UK) and TBS buffer. RBCs 

were labeled with Vibrant DiD cell-labeling solution (Molecular Probes, Leiden, 

Netherlands) and washed with HEPES buffer (HEPES 10 mM, NaCl 150 mM, pH 7.4) 

supplemented with 0.05% Pluronic F-127 (Sigma, Saint Louis, MO, USA). Clots with 

labeled RBCs were performed at a final RBCs concentration (hematocrit) of 2% (just for 

images), 5% and 10%. After the addition of human thrombin (0.1 U/ml; Calbiochem, 

Nottingham, UK), the reaction components were gently mixed and immediately 

transferred into slides (µ-slide VI0.4, Ibidi GmbH, Munich, Germany). Clots were incubated 

for 120 min in a humidity chamber, at room temperature, protected from the light. Laser 

scanning confocal microscopy (LSCM) was performed using an upright Zeiss LSM510 

META (Axioplan 2 stand) microscope (Carl Zeiss, Welwyn Garden City, UK), with a 63× oil 

immersion objective, using a 488 nm Argon laser and 633 nm HeNe laser. 
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Confocal microscopy was also used to assess, in real time, the rate of fibrinolysis. 

Lysis of the fibrin clots was initiated by loading a mixture containing tissue-type 

plasminogen activator (tPA) at 5 ng/ml (Technoclone, Vienna, Austria) and 1.1 µM Glu-

Plasminogen (Enzyme Research, Swansea, UK) in TBS buffer, to the edge of the thrombus 

in a uniform manner after which the slides were held in a vertical position for 1 min. The 

slide was next incubated in a flat position for 4 min before starting a time series of 

imaging under 40× magnification. The visual field was set and real time serial scans (every 

1 s) were taken as the front of fibrinolysis proceeded across the visual field digesting the 

edge of the clot. The time of fibrin clot lysis was monitored. Fibrinolysis experiments were 

performed, at least, in triplicate. 
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Supplementary results 

 

γAγA and γAγ’ fibrin clot structure 

It could be observed that γAγA fibers (Figure S1, left column) were more uniformly 

spatially distributed than γAγ’ fibers (Figure S1, right column). Fibers produced with γAγA 

fibrinogen were also straighter and showed less bending. Clots from γAγ’ fibers were 

structured into tight interconnecting bundles, producing zones with more branches and 

larger pores. It is possible to observe areas with fibers that were very compacted, highly 

connected and with small pores (Figure S1, right column). Furthermore, γAγ’ fibrin clots 

showed more branching than γAγA fibrin clots. 
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Figure S1 | Scanning electron micrographs of fibrin fiber clots (without RBCs) 

formed with 1.0 mg/ml of γAγA (A, C and E) or γAγ’ (B, D and F) fibrinogen variants. 

White arrows in A highlight the more homogeneous structure of the γAγA clot network, 

while the red arrows in B indicate the areas with small or large holes, associating a more 

heterogeneous structure to the γAγ’ clots. Images were obtained with a Cold Field 

Emission SEM, as detailed in the Methods section. Magnifications: A and B, 5000×; C and 

D, 25000×; E and F, 50000×.  
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Laser scanning confocal microscopy image analysis 

Confocal microscopy images, shown on Figure 6 of the main manuscript, were 

analyzed to determine the fibrin fiber density (Figure S2). Fiber density was determined 

by counting the number of fibers crossing three arbitrary horizontal and vertical lines of 

100 µm through each image. The analysis was done in three different micrographs per 

sample. The fiber density of the sample was taken as the average number of fibers per 

100 µm of length. There were no statistical differences between fibrinogen variants 

regarding the number of fibers that cross the horizontal or vertical lines. 

 

Figure S2 | Fibrin fiber density analysis. Data obtained from confocal images of γAγA and 

γAγ’ fibrin clots. Values are presented as mean ± SEM. 

 

It could be observed from confocal microscopy images that γAγ’ fibrin clots have 

lower fiber density. This could be explained by the fact that γAγ’ fibers are more 

compacted in some areas, producing large pores and not by the increase on the number 

of fibers (Figure S2) 

 

Fibrinolysis data for fibrinogen variants 

Fibrinolysis movies for γAγA (A) and γAγ’ (B) fibrinogen variants were obtained, in 

real time by laser scanning confocal microscopy. The time serial scans were taken under 

40× magnification. Clots were produced with 1.0 mg/ml fibrinogen, 5 mM CaCl2 and 0.1 

U/ml human thrombin final concentrations. 
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Influence of homodimer γ’ fibrinogen 

on fibrin clot       
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Overview 
 

The clinical importance of the structural and functional properties of the clot in 

hemostasis and thrombosis is not clearly understood, particularly in the presence of 

plasma fibrinogen variants. Among the protein isoforms, γ’ homodimer fibrinogen (γ’γ’) is 

the least abundant variant. This variant is characterized by the negative charge extension 

on the C-terminus of both γ chains. In this Chapter, following our previous data, we 

wanted to study the influence of the clinically-relevant γ’γ’ homodimer fibrinogen on the 

binding to its human erythrocyte receptor and on the structure and properties of the 

blood clot. Computational analyses, through which we developed a fibrin model, were 

also applied. In this study, we produced recombinant fibrinogen variants and we showed 

that the recombinant human (rh) γ’γ’ fibrinogen increases the frequency of the binding to 

erythrocytess, promoting cell aggregation. Also, a particular structure and properties of 

rhγ’γ’ clot were displayed. Computational predictions further reinforce these findings. 

The full length of γ’ chain structure prediction allows an increased binding between γ’ 

fibers (and eventually, with erythrocytes). Our results about how is the behavior of the 

homodimer γ’ fibrinogen in blood clot shed new light to innovative therapeutic 

perspectives in order to control γ’ fibrinogen activity. Additional information is presented 

on the supplementary data of this manuscript. 
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Abstract 
 

γ’ fibrinogen has been associated with thrombosis. Here the interactions between 

γ’γ’ or γAγA fibrinogen and red blood cells (RBCs), and their role on fibrin clot properties 

were studied. Atomic force microscopy shows that the recombinant human rhγ’γ’ 

fibrinogen increases the binding force and the frequency of the binding to RBCs compared 

to rhAγA, promoting cell aggregation. Other microscopy approaches show structural 

changes in rhγ’γ’ fibrin clots, displaying a non-uniform fibrin network. The presence of 

RBCs increases the fibrinolysis rate and viscosity of rhγ’γ’ fibrin clots. The full length of γ’ 

chain structure, revealed by computational analysis, occupies a much wider surface and is 

more flexible, allowing an increase of the binding between γ’ fibers (and, eventually with 

RBCs).  

 

Keywords: fibrin clot, γ’ fibrinogen, red blood cell, thrombosis. 

 

Summary points: 

i) γ’γ’ fibrinogen has increased binding force and frequency of the binding to 

RBCs compared to γAγA, promoting cell aggregation.  

ii) A non-uniform fibrin network and changes on viscoelastic properties were 

observed for γ’γ’ fibrin clot in presence of RBCs.  

iii) With RBCs, rhγ’γ’ fibrin clots are more viscous. 

iv) Fibrinolysis of γ’γ’ fibrin clots with RBCs took longer than without these cells.  

v) Computational analyses of both fibrin models reinforce these findings. 

vi) The production of a non-uniform fibrin clot may contribute to the 

association of γ’ fibrinogen with thrombosis and increased risk of embolism. 

vii) Our data shed light on the risk of increasing γ’ fibrinogen plasma levels and 

the possible consequences on its interaction with RBCs and on the 

properties of the blood clot. 
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Introduction 
 

The physiological process of blood clotting is an essential component of hemostasis. 

Fibrinogen is a blood plasma protein that plays a key role in this process, through fibrin 

clot formation and also partly through its interaction with blood cells [1]. Several 

cardiovascular and cerebrovascular disorders are associated with increased blood 

fibrinogen concentration [2, 3]. There is a growing number of reports showing that 

increasing fibrinogen plasma concentration results in changes in blood rheological 

properties, such as an increase in red blood cell (RBC) aggregation. This aggregation is one 

of the most important factors affecting blood flow and microcirculation, being a 

significant cardiovascular risk factor [4, 5]. 

Fibrinogen is a 340 kDa glycoprotein comprising six polypeptide chains, with two 

monomers of each of its three different chains, termed Aα, Bβ, and , which are 

connected by disulfide bonds. Fibrinogen occurs in plasma as a mixture of different 

isoforms [6]. Gamma prime (γ’) fibrinogen arises from a splice variant of the γ chain 

mRNA, resulting from an alternative polyadenylation signal on intron 9 [7, 8]. This 

polyadenylation leads to the translation of C-terminal extension of 20-amino acid 

residues, encoded by intron 9 (408VRPEHPAETEYDSLYPEDDL427), which substitutes the last 

four residues of the most common γA chain (408AGDV411) of exon 10 [8-10]. Most of the 

plasma γ’ fibrinogen occurs as a heterodimer with γA chain, i.e. γAγ’ fibrinogen. This 

variant makes up approximately 8-15% of total circulating fibrinogen in vivo, although this 

value can diverge extensively between individuals [8, 11, 12]. A small fraction (<1%) of 

total plasma fibrinogen corresponds to the homodimer γ’γ’ fibrinogen, while 85-90% of 

total plasma fibrinogen exist as the homodimer γAγA fibrinogen [8, 11, 12]. The unique 

sequence of the fibrinogen γ’ chain contains a high affinity-binding site for thrombin [11, 

13-15]. Clots formed with γ’ fibrin are more resistant to fibrinolysis, [16, 17] and have 

thinner fibers and smaller pores when compared with γAγA fibrin clots [18-20]. Due to 

these characteristics, γ’ fibrinogen has been associated with thrombosis [12, 21, 22]. In 

addition, coronary artery disease patients undergoing coronary angiography have, in 

average, higher γAγ’ fibrinogen levels than patients without coronary artery disease [23]. 

This association was independent of total fibrinogen levels in plasma [23]. The increased 
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risk of thrombosis has been attributed to the aforementioned capacity of the γ’ chain to 

modulate fibrin clot architecture [15]. However, the underlying mechanisms beyond 

structural and functional properties of the clot are still a matter of debate. Recently, 

prospective data from a large elderly cohort displayed a lack of association of plasma γ’ 

fibrinogen with the incidence of cardiovascular disease [24]. These authors concluded 

that there was not a direct correlation between γ’ fibrinogen and cardiovascular disease 

events [25]. 

It has been observed that γAγ’ fibrinogen affects the structure and properties of 

fibrin clots in vitro [18, 26, 27], but it remains unclear which effect could cause the 

presence of γ’γ’ homodimer fibrinogen on fibrin clots in the presence of RBCs. Until now, 

only studies using recombinant homodimer γ’ fibrinogen in the absence of RBCs on the 

clot structure were performed [16, 19].  

The main purpose of the present study was to evaluate the impact of the 

interaction between human γ’γ’ fibrinogen and red blood cells on the formation and 

properties of a fibrin clot. For this, recombinant human rhγ’γ’ fibrinogen and rhγAγA 

fibrinogen (the common variant) were synthesized and the mechanical, biophysical and 

morphological properties of fibrin blood clots in the presence of RBCs were characterized. 

Computational predictions of the protein structures for the γA and γ’ chains on fibrin 

helped us to corroborate our results. This data can shed light on the risk of increasing γ’ 

fibrinogen plasma levels and the possible consequences on its interaction with RBCs and 

on the properties of the blood clot. Knowledge of these aspects may lead to innovative 

perspectives on the development of new therapeutic drugs that can be successfully used 

to modulate γ’ fibrinogen levels and overcome the risks of fibrinogen-driven RBCs 

hyperaggregation [28]. 
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Methods 
 

Fibrinogen variants expression 

Recombinant fibrinogen isoforms were prepared as previously described [29-31]. To 

produce the fibrinogen variants, we performed DNA sequence analysis, constructed the 

expression vectors and conducted site-directed mutation analysis according to 

established procedures. Briefly, we used Chinese hamster ovary (CHO) cells engineered to 

express wild-type recombinant human fibrinogen (rhγAγA), or fibrinogen with a γ chain 

mutation (rhγ’γ’). On rhγ’γ’ fibrinogen variant production, both γ chains were built with 

an extension of 20 amino acid residues (408VRPEHPAETEYDSLYPEDDL427) instead of the 

four C-terminal residues of the γA chain (408AGDV411). CHO cells expressing either rhγAγA 

or rhγ’γ’ fibrinogen were grown in Petri dishes, and transferred into roller bottles 

containing adherent microcarrier beads. They were kept in serum-free DMEM/F12 

supplemented with 2 mg/mL aprotinin and 5 mg/mL insulin-transferrin-sodium selenite 

(Roche, Burgess Hill, UK). The medium was harvested, replaced every 48 h and stored at –

80°C in the presence of 150 μM phenylmethylsulfonyl fluoride (PMSF), for as long as 

fibrinogen was detectable by ELISA. Fibrinogen was precipitated overnight with 40% 

saturated ammonium sulfate (Fisher Scientific, Loughborough, UK) and purified through 

IF-1 affinity chromatography (immunoaffinity), as previously described [29-31]. Protein 

peaks were analyzed by 8%-12% SDS-PAGE electrophoresis and protein concentration 

was determined spectrophotometrically, at 280 nm, with a molar extinction coefficient 

(Ԑ) of 1.51 mg-1.mL.cm-1.  

 

Red blood cells isolation and blood cell deposition 

Blood was collect from healthy donors into K3EDTA anticoagulant tubes, with their 

previous written informed consent, following a protocol with Instituto Português do 

Sangue e da Transplantação (IPST, Lisbon, Portugal), with the approval of the joint Ethics 

Committee of Faculdade de Medicina da Universidade de Lisboa and Centro Hospitalar 

Lisboa Norte. RBCs were isolated from the other blood components, according to 

established procedures [28, 32, 33]. Blood cells were centrifuged at 3000 rpm during 10 

min and washed three times with buffered saline glucose citrate (BSGC: 1.6 mM KH2PO4, 
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8.6 mM Na2HPO4, 0.12 M NaCl, 13.6 mM sodium citrate, 11.1 mM glucose, pH 7.3) 

supplemented with 1 mM calcium chloride. 

 

AFM tip functionalization 

A previously optimized procedure was used for the covalent attachment of 

fibrinogen to the atomic force microscopy (AFM) tips (functionalization) [28, 32, 33]. 

Briefly, AFM silicon nitride tips (OMCL TR-400-type, Olympus, Tokyo, Japan) were cleaned 

under UV/ozone chamber for 15 min. Then, tips were silanized with 3-aminopropyl-

triethoxysilane (APTES) for 1 h, in argon atmosphere. After that, the probes were 

immersed into a 2.5% (v/v) glutaraldehyde solution for 20 min. Finally, the tips were 

placed in a 0.5 mg/mL final concentration solution of rhγAγA or rhγ’γ’ fibrinogen variants 

during 30 min, at room temperature. Functionalized tips were immediately mounted on 

the AFM and used for force spectroscopy experiments. 

 

AFM-based force spectroscopy measurements 

For the atomic force microscopy studies, RBCs were diluted to 0.1% hematocrit 

using BSGC buffer with CaCl2. Five-hundred microliters of the 0.1% hematocrit RBCs 

suspension were placed on a clean poly-L-lysine-coated glass slide and allowed to deposit 

for 1 h. Non-adherent cells were removed by washing with BSGC + CaCl2 buffer and 

allowed to equilibrate for 30 min before measurements. 

Using a NanoWizard II atomic force microscope (JPK Instruments, Berlin, Germany), 

mounted on an Axiovert 200 inverted optical microscope (Zeiss, Jena, Germany), we 

performed force spectroscopy measurements with AFM tips previously functionalized 

with recombinant fibrinogen, as described before, with slight modifications [28, 32]. 

Different control experiments and αVβ3 integrin-antibody specific binding inhibition 

studies were already conducted by us, indicating the existence of a specific binding 

between fibrinogen and its RBC membrane receptor [28, 32]. Here, we used the softest 

triangular cantilevers, with a tip radius of 15 nm and a resonant frequency of 11 Hz. The 

spring constants of the tip were calibrated by the thermal fluctuation method [34], 

resulting in values of 0.019 ± 0.007 N/m. The applied force was adjusted to 0.8 nN before 

retraction. Molecular recognition was searched by intermittently pressing the cantilevers 

on each RBC adsorbed on the poly-L-lysine-coated glass slide. Force mapping was used to 
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select one point on each RBC adhered to the glass slide and to certify that all 

measurements were done close to the center of the RBC surface. Data collection for each 

force-distance cycle was performed at 2 µm/s, leading to a loading rate of 4 nN/s. Force 

curves were analyzed using the JPK image processing software v.4.2.61. For any given 

experiment, approximately 6000 force-distance curves were collected, analyzed and 

adjusted by polynomial fit [35]. Each experiment was performed at least three times, 

each time on a different blood sample and with different functionalized tips. For each 

blood donor, 15 RBCs were evaluated and 150 force-distance curves were performed on a 

defined point of each cell [28]. Histograms of the unbinding forces of each studied 

fibrinogen-cell complex were constructed choosing 5 pN as the ideal bin size to achieve 

the best Gaussian model fit. Rupture force values up to 10 pN were considered as noise, 

artifacts or nonspecific interactions, and were excluded from the data analysis.  

 

Magnetic tweezers  

Magnetic tweezers were used to study the viscoelastic properties of the clots. 

Briefly, the magnetic microrheometer acts by applying a force of 40 pN to a 4.5 µm 

superparamagnetic particle (Dynabeads M-450 Epoxy, Invitrogen, Paisley, UK) using a 

magnetic field gradient generated by four electromagnets. The electromagnets are 

mounted on top of an Olympus IX71 inverted microscope incorporating an ultra long 

working objective (40× magnification) and charged couple device camera. Particle 

tracking, electromagnet field and image analysis were controlled in real time through 

custom written Labview 7.1 software (National Instruments, Newbury, UK). We prepared 

fibrin clots using recombinant fibrinogen variants at 0.5 mg/mL, 5.0 mM calcium chloride 

and 1 U/mL thrombin, with embedded magnetic particles at 1:250 (v:v). The mixture was 

immediately transferred to a small capillary tube, then sealed with vaseline on both ends 

to avoid sample dehydration. In the presence of RBCs, clots were formed with 0.5% (v/v) 

RBCs to evaluate their effect on viscoelastic properties. In each experiment, a single 

magnetic particle was selected (located at the center of the capillary and away from other 

magnetic particles) and tested. The viscoelastic properties were measured using the 

procedure of Evans et al. [36]. The storage modulus, G’ (elastic modulus), represents the 

elastic energy stored during deformation and relates to clot stiffness. The loss modulus, 

G’’ (viscous modulus), is the energy dissipated during deformation and relates to clot 
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viscosity. The loss tangent (Tan δ) or damping factor (G’’/G’) indicates the physical 

behavior of a system; thus, showing the ratio of the viscous and the elastic portion of the 

viscoelastic deformation. The Tan δ was calculated and values of Tan δ>> 1 (i.e., G’’>>G’) 

indicate viscous material, while Tan δ<<1 (i.e., G’<<G’’) is indicative of an elastic solid. For 

a viscoelastic material with Tan δ=1, the amounts of energy dissipated and stored are 

equal. The displacement of 8 random magnetic beads was measured per sample, and 

each sample was studied, at least, in triplicate. Results were obtained at a frequency of 

0.1 Hz. 

 

Scanning electron microscopy 

Scanning electron microscopy (SEM) was applied in order to investigate the network 

structure of clots formed from rhγAγA or rhγ’γ’ fibrinogen, in the presence and absence 

of RBCs. Fibrinogen variants rhγAγA or rhγ’γ’ (1 mg/mL final concentration) and CaCl2 

(final concentration 10 mM) were diluted in TBS (50 mM Tris-HCl, 100 mM NaCl, pH 7.5) 

and premixed. Human α-thrombin (Calbiochem, Nottingham, UK, final concentration 1 

U/mL) was then added to initiate clotting. The mixtures were transferred to Eppendorf 

lids, which were pierced with a syringe to assist solvent permeation. Clots were formed in 

a moist chamber, at room temperature, during 120 min. Then, clots were washed with 

saline solution to remove excess salt, followed by fixation in 2% glutaraldehyde (120 min). 

Extensive washes of the clots with sodium cacodylate buffer (67 mM C2H6AsNaO2, pH 7.4) 

were done and their dehydration were performed in a series of increasing acetone 

concentrations (30-100%). Clots were critical-point dried with CO2, mounted onto stubs 

and sputter-coated with platinum using a Cressington 208 HR (Cressington Scientific 

Instruments, Watford, UK). RBCs at a final concentration of 20% (v/v) were also included 

on the clots, on experiments carried out in duplicate. Images of two different clots were 

captured on different areas per clot (n=4), using a scanning electron microscope Hitachi 

SU8230 FESEM (Tokyo, Japan), at 5 different magnifications (2500× – data not shown, 

5000×, 10000× – data not shown, 25000× and 50000×). The average fibrin fiber diameters 

were quantified using ImageJ software (National Institutes of Health, Bethesda, MD) on 

up to 80 random fibers of each image (n=4), at high magnification (50000×).  
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Laser scanning confocal microscopy 

Fibrin clots were prepared in a total volume of 40 µl, by mixing recombinant human 

fibrinogen (final concentration of 1.0 mg/mL), CaCl2 (final concentration of 5 mM), 5% 

AlexaFluor 488-fibrinogen conjugate (Invitrogen, Paisley, UK) and TBS buffer. Clots with 

labeled RBCs were also prepared, for final RBC concentrations of 2% (v/v; just for images) 

and 5% (v/v). The Vibrant DiD cell-labeling solution (Molecular Probes, Leiden, The 

Netherlands) was used to label RBCs. Before labeling, RBCs were washed with HEPES 

buffer (10 mM HEPES + 150 mM NaCl, pH7.4) supplemented with 0.05% Pluronic F-127 

(Sigma, St. Louis, MO, UK). After addition of thrombin (Calbiochem, Nottingham, UK; final 

concentration 0.1 U/mL) the reaction components were gently mixed and immediately 

transferred into slides (µ-slide VI0.4, Ibidi GmbH, Munich, Germany). Clots were formed for 

2 h in a moist atmosphere, at room temperature, protected from the light. Laser scanning 

confocal microscopy (LSCM) was carried out using an upright Zeiss LSM-510 META 

Axioplan 2 microscope (Carl Zeiss, Welwyn Garden City, UK) with a 63× oil immersion 

objective, using a 488 nm Argon laser and a 633 nm HeNe laser. Three random areas of 

the clot were imaged. Images with 20 μm optical slice thickness were obtained and 

projected into single reconstructed images. These images were obtained in order to 

measure the fibrin fiber density (vd. Supplementary Information). However, some images 

were obtained performing z-stacks with 40 μm optical slice thickness in the middle of the 

clot, to better distinguish the fibers in the clots visually. Fiber density was determined by 

counting the number of fibers crossing 3 horizontal lines and 3 vertical lines across each 

image obtained, in order to calculate the average number of fibers. Three different 

micrographs per sample were analyzed (vd. Supplementary Information), using ImageJ 

software (National Institutes of Health, Bethesda, MD, USA). 

Fibrinolysis rate was assessed by confocal microscopy. Fibrinolysis was initiated by 

loading a solution containing 5 ng/mL tissue-type plasminogen activator (tPA; 

Technoclone, Vienna, Austria) and 1.1 µM Glu-Plasminogen (Enzyme Research, Swansea, 

UK) to the edge of the clot, in a uniform manner. The slide was kept in a vertical position 

for 1 min and, after that, incubated on a flat position for 4 min before starting time series 

under 40× magnification. Real time serial scans were taken as the lysis front proceeded 

across the visual field digesting the edge of the clot, at least 2 times.  
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Computational analysis 

Computational predictions were done for the full-length structure of the fibrinogen 

γA and γ’ chains, in order to understand the differences between them. From the Protein 

Data Bank (PDB, www.pdb.org, file 3GHG), we accessed the partial experimental X-ray 

structure coordinates of human fibrinogen [37]. In this experimental structure, the N- and 

C-terminal elements of the γ-chain (in the N-terminus, from amino acid residue Y1 to E15, 

and in the C-terminus, from residue G395 to V411) are missing. We also obtained from 

PDB the experimental X-ray structure of the fibrinogen D-dimer (file 3H32) [38] to create 

a model of fibrin aggregation. Thus, 3GHG and 3H32 molecules were superimposed. 

Given our interest in the C-terminal section (involved in blood clotting and fibrin 

formation), we performed an in silico prediction of possible protein structures of the full-

length γA and γ’ chains using I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), 

[39] a de novo protein structure prediction algorithm. Full details about the procedure 

followed on these computational predictions can be found in the Supplementary 

Information. 

 

Statistical Analysis 

Descriptive statistics are given as mean ± standard error of mean (SEM). Unpaired 

samples Student’s t-test was used for statistical analysis. Differences were considered 

statistically significant for p<0.05. Statistical analyses were performed using GraphPad 

Prism 5 (La Jolla, USA). 

  

http://www.pdb.org/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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Results 
 

To unravel the impact of the γ’ fibrinogen homodimer on RBC binding and on blood 

clot properties, human recombinant γ’γ’ fibrinogen was used and studied through 

different biophysical and bioimaging approaches, as well as computationally. AFM based-

force spectroscopy measurements were applied and force-distance curves acquired after 

the binding of rhγ’γ’ fibrinogen variant or rhγAγA fibrinogen (covalently attached to the 

AFM tip) to the receptor on the RBC membrane. Well-defined and measurable 

(un)binding force curves were observed (Figure 1a). RBCs showed good adherence to 

poly-L-lysine and visually maintained their typical morphology. 

Figure 1b shows the rupture force histogram of the (un)binding events between 

fibrinogen (rhγ’γ’ or rhγAγA fibrinogen variants) and RBCs. It can be noticed that, in the 

presence of the rhγ’γ’ fibrinogen, the histogram was slightly shifted to higher binding 

forces, when compared with the one obtained for rhγAγA fibrinogen. Accordingly, the 

average of force necessary to break the bond between rhγ’γ’ fibrinogen and RBC 

receptors was 51.41 ± 0.37 pN (Figure 1c), slightly higher than observed for rhγAγA 

fibrinogen (48.0 ± 0.63 pN). This difference was statistically significant (p<0.0001). In 

addition, for the rhγ’γ’ fibrinogen variant there was a 16 % increase on the frequency of 

RBC binding, relative to rhγAγA fibrinogen (18.5 ± 0.11 % vs. 15.9 ± 0.07 %, respectively). 

 

Figure 1 | Interaction force of rhγAγA and rhγ’γ’ fibrinogen with red blood cells, 

measured using atomic force microscopy-based force spectroscopy. (a) Examples of 
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force-distance curves of the interaction between rhγAγA (left) or rhγ’γ’ (right) fibrinogen 

with RBCs. (b) Rupture force histogram of the interactions between rhγAγA or rhγ’γ’ 

fibrinogen with RBCs. On the rupture force histogram, each count represents the binding 

between a single fibrinogen molecule and one of its receptors on RBCs. (c) Average 

binding force of the interactions between the fibrinogen variants and RBCs. Values are 

presented as box with median value and whiskers with maximum and minimum values. 

The mean value is presented as ‘+’. *** indicates p<0.0001 (Student’s t-test). 

 

A magnetic rheometer was used to evaluate the effect of both rhγAγA and rhγ’γ’ 

fibrinogen on clot rheological properties, in the absence and presence of RBCs (Figure 2). 

The loss tangent (Tan δ) of rhγAγA and rhγ’γ’ fibrin clots was larger in the absence of RBCs 

than in their presence (for rhγAγA: 0.60 ± 0.03 without RBCs and 0.30 ± 0.08 with RBCs, 

p=0.001; for rhγ’γ’: 0.70 ± 0.06 without RBCs and 0.47 ± 0.03 with RBCs, p=0.003). This 

suggests that the presence of RBCs in the clot have a significant effect on changing their 

viscoelastic properties. Regardless the type of fibrinogen used to form the clot, the 

presence of RBCs turns the overall clot structure less viscous. In the presence of RBCs, the 

difference between the rhγAγA and rhγ’γ’ fibrin clots Tan δ values was statistically 

significant (0.30 ± 0.08 vs. 0.47 ± 0.03, respectively; p=0.045). This difference was not so 

evident in the absence of RBCs. These data show that, in the presence of RBCs, rhγ’γ’ 

fibrin  clots are more viscous than rhγAγA fibrin clots. 
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Figure 2 | Effect of RBCs on the viscoelastic properties of rhγAγA and rhγ’γ’ 

fibrinogen variants clots. Comparison between the values of Tan δ (or loss tangent) of 

clots formed with each fibrinogen variant with and without RBCs. Values are shown as 

mean ± SEM. * p=0.045; ** p≤0.003. 

 

To investigate the fibrin clot architecture, scanning electron microscopy was used to 

obtain high resolution images of the fibrin network and of the structure of fibers. These 

experiments were performed with both fibrinogen variants, in the presence or in the 

absence of RBCs. From Figure 3, it is possible to observe that RBCs tend to be 

heterogeneously dispersed throughout the fibrin clot, especially when rhγ’γ’ fibers were 

present (Figure 3 b,d,f). In both sets of images, it is possible to observe clumps of RBCs 

interspersed between bundles of fibers. In rhγ’γ’ fibrin clots, the fiber network seems to 

be less dense, with larger pores, in the presence of RBCs than in their absence (vd. 

Supplementary Figure 1). rhγ’γ’ fibers are more branched and twisted compared to 

rhγAγA fibers, both in clots with and without RBCs (Figure 3 and Supplementary Figure 1).  
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Figure 3 | Changes in the fibrin network structure caused by rhγ’γ’ fibers and red 

blood cells. Scanning electron micrographs of fibers from recombinant rhγAγA (a, c, e) 

and rhγ’γ’ (b, d, f) fibrin clots in the presence of 20% of RBCs. Both fibrinogen variants 

were at a concentration of 1 mg/mL. Images were obtained at 3 different magnifications 

(a, b – 5000×; c, d – 25000×; e, f – 50000×). 

 

From the electron micrographs, it was possible to measure the average diameter of 

the rhγAγA and the rhγ’γ’ fibrin fibers, in the presence and in the absence of RBCs (Figure 

4). Our results show that rhγ’γ’ clots present several zones composed of thinner fibers, 

when compared with the rhγAγA fibrin fibers (32.7 ± 1.2 nm vs. 39.2 ± 1.1 nm, 

respectively; p<0.0001). In accordance with the visual differences on the fibrin fibers 
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structure, statistically significant differences were found between the diameters of 

rhγAγA and rhγ’γ’ fibrin fibers in the presence of RBCs (23.8 ± 0.7 nm vs. 30.4 ± 1.1 nm, 

respectively; p<0.0001). rhγ’γ’ fibrin clots have more heterogeneous zones than rhγAγA 

fibrin clots, in the presence of RBCs. The presence of 20% of RBCs lead to a significant 

decrease of the rhγAγA fibrin fiber diameter (39.2 ± 1.1 nm without RBCs vs. 23.8 ± 0.7 

nm in their presence; p<0.0001). No statistically significant differences were obtained for 

rhγ’γ’ fibrin fibers diameters with or without the presence of RBCs (Figure 4).  

 

Figure 4 | Diameter of rhγAγA and rhγ’γ’ fibrin fibers in the absence and presence 

of RBCs. Fiber diameters were measured at 50000× magnification on 4 images of two 

different clots (n=320 random rhγAγA fibrin fibers, with and without 20% of RBCs; n=261 

random rhγ’γ’ fibrin fibers; and n=180 random rhγ’γ’ fibrin fibers with 20% of RBCs). 

Statistical values: *** p≤0.0001. 

 

To complement our results, confocal microscopy was applied, studying the fully 

hydrated, three-dimensional structure of rhγAγA and rhγ’γ’ fibrin clots in the presence or 

in the absence of RBCs. Confocal images show that rhγAγA clots are composed of longer 

and straighter fibers, when compared with rhγ’γ’ fibers, which are more bent and 

clustered (Figure 5 a,b). It can be noticed that the red-labeled RBCs are more visible in 

rhγ’γ’ clots than for rhγAγA. To compare both clots, their confocal images were obtained 

performing z-stacks, with 40 μm optical slice thickness, in the middle of the clot. The 
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number of RBCs was also the same (Figure 5 c,d). From these images, it was possible to 

measure the fibrin density of the clot. Results show that the fiber density increases for 

rhγ’γ’ clots, when compared to those of rhγAγA (45.28 ± 0.15 vs. 35.72 ± 0.56 per 100 µm 

of clot) (Supplementary Figure 2). 

 

Figure 5 | Confocal micrographs of fibrin clots formed with fibers of rhγAγA or 

rhγ’γ’ fibrinogen, in the absence or in the presence of RBCs. Laser scanning confocal 

microscopy images of fiber clots formed with rhγAγA and rhγ’γ’ in the absence of RBCs 

(a,b) and in the presence of 2% RBCs (c,d). Both fibrinogen variants were at a 

concentration of 1 mg/mL. Alexa 488-labeled fibrin fibers are in green and Vibrant DiD-

labeled RBCs in red. Images are at 63× magnification. Z-stacks of 41 (a,b) or 11 (c,d) slices. 

 

Fibrinolysis experiments indicated that the fibrinolysis rate is higher for the rhγAγA 

clots, when compared to the rhγ’γ’clots (movement of the lysis front: 9.8 ± 1.0 µm/min 

vs. 6.6 ± 0.5 µm/min, respectively); however, this variation is not statistically significant 

(Figure 6a). Furthermore, it was possible to notice that the rhγ’γ’ clot lysed in a less 

uniform manner, compared to those of rhγAγA (videos in Supplementary Information). 

The incorporation of RBCs lead to a decrease of the fibrinolysis rate of rhγ’γ’ fibrin clots 

(6.6 ± 0.5 µm/min without RBCs vs. 2.5 ± 0.4 µm/min with RBCs; p=0.013; Figure 6a). In 
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clots with rhγAγA, the presence of RBCs did not lead to statistically significant changes on 

the fibrinolysis rate.  

 

Figure 6 | Fibrinolysis rate of rhγAγA or rhγ’γ’ fibrin clots. Clots lyses were 

measured in the absence or in the presence of 5% of RBCs, with 1 mg/mL of each 

fibrinogen variant (a). Examples of confocal microscopy images of rhγAγA or rhγ’γ’ fibrin 

clots, under 40× magnification (b). Values are shown as mean ± SEM. * p=0.015. 

 

Our experimental data showed an increased of the force and frequency of the 

binding between rhγ’γ’ fibrinogen and RBCs and an increase of the fibrinolysis rate for 

rhγ’γ’ fibrin clots. To complement these findings, computational predictions of fibrinogen 

γ chain structure were performed. The impact of the structural flexibility prediction of 

fibrinogen γ chain (γA compared to γ’) on the interaction with RBCs and the correlation 

with the overall clot structure/function were studied. The experimentally determined 
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human fibrinogen structure (PDB ID 3GHG) [37] can reveal some insights into fibrinogen 

structure and function. However, in this experimental structure, the N- and C-terminal 

elements of the γ-chain are missing (in the N-terminus, from amino acids Y1 to E15, and 

in the C-terminus, from amino acids G395 to V411). As the key differences between γA 

and γ’ are located precisely in the C-terminal region, we performed an in silico prediction 

of possible protein structures. Structural comparison and analysis of the de novo 

predicted protein structures indicated similar general conformations, fitting the former 

protein structure, both for the γA (Supplementary Figure 4a) and γ’ (Supplementary 

Figure 4b) chains. The C-terminal predicted structure for γA missing in the experimental 

protein crystal structure is shown in Supplementary Figure 4a, highlighting the last 12 

amino acid residues (H400-V411) with different color. Several alternative folds are 

suggested for this region, as expected for a dynamic region that is involved in the 

interaction with other molecules. The substitution of the last four residues of γA (AGDV) 

by the respective γ’ chain 20 residues, as represented in Supplementary Figure 4b, does 

not change the overall structure of the γ-chain, as the globular D region (comprising the 

C-terminal domains of Bβ- and γ-chains) and the α-helical N-terminal sections 

superimposed perfectly well with the experimental former structure of γ-chain. 

Nevertheless, in the γ’ C-terminal, the last 20 amino acid residues were predicted to 

acquire different folding, including α-helical structure, occupying a much wider surface. 

This may explain why the γ’ chain binds RBCs more promptly than γA, as shown by our 

AFM data, or how it is more difficult for the fibrin clot to be dissolved by fibrinolytic 

agents, as shown in LSCM data. Furthermore, we superimposed the fibrinogen X-ray 

crystal structure (Supplementary Figure 3a) with the predicted γA and γ’ structures 

(Supplementary Figure 4c). One may notice that the γ’ chain displays a more bulky 

structure than γA. 

For the sake of fibrin aggregation evaluation, we constructed the fibrin model 

through the superimposition of experimental structures 3GHG and 3H32 (fibrin D-dimer). 

This way, we predicted the structures of all variants (γAγA, γAγ’ and γ’γ’) during early 

stages of fibrin polymerization (Figure 7). Although the suggested arrangements produced 

within the context of the experimental fibrinogen structure do not fully correspond to the 

mature fibrin structure, it is already clear that the larger size and flexibility of the γ’ chain 

is expected to allow it to interact more effectively with other molecules, including other γ 
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chains and RBCs. Complementing our experimental results, the γ’γ’ fibrin model, when 

compared to γAγA, occupy a much wider surface but, at the same time, with a higher 

flexibility of movement. 

 

Figure 7  Fibrin model with γ chain full-length predictions highlighted. Images 

display the fibrin model with the predicted γAγA (b), γAγ’ (c) and γ’γ’ (d) structures 

superimposed, respectively. (a) X-ray experimental structure of human fibrinogen (3GHG) 

superimposed with fibrin D-dimer X-ray structure (3H32), creating a fibrin model. The 

commonly structured C-terminal domain of the γ chain is colored in cyan from amino acid 

residue C153 to Q399 (b,c,d) Superimposition of the 3GHG and 3H32 molecules (fibrin 

model) with γ chain full-length predictions. Modeling based on the experimental partial 

structure of the γ chain resulted in 4 and 5 possible protein structures for the γA and γ’ 

sequences, respectively. The γA predicted models are shown in: red (model 1), green 

(model 2), blue (model 3) and magenta (model 4). The γ’ predicted models are colored in 

orange (model 1), green (model 2), yellow (model 3), cyan (model 4) and pink (model 5), 

showing conformational variations from residue H400 to L427, as expected for a flexible 

region involved in binding. 
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Discussion 
 

In this study, different biophysical techniques in combination with microscopic 

techniques were used to understand the effect of the interaction between γ’γ’ fibrinogen 

and RBCs on the structure and properties of the blood clot. For this, AFM-based force 

spectroscopy (using AFM tips functionalized with the fibrinogen variants γAγA and γ’γ’) 

was applied as a nanotool for the functional evaluation of the γ’γ’ fibrinogen-RBC 

interaction, at the single-molecule level. Changes on the fibrinogen-RBC binding force and 

frequency for both recombinant γAγA and γ’γ’ were observed. When compared with the 

most abundant fibrinogen variant, rhγAγA fibrinogen, the binding between rhγ’/γ’ 

fibrinogen and RBCs have a higher strength and is more likely to occur. Therefore, the γ’ 

homodimer variant found in vivo could promote RBC aggregation. This is in agreement 

with the proposal of γ’ fibrinogen as a novel biomarker of thrombosis, being up-regulated 

in patients with cardiovascular diseases [22].  

Some studies have associated the increase of γ’ fibrinogen with reduced risk for 

venous thrombosis [40-43], which have been attributed to the inhibitory effect of γ’ 

fibrinogen on thrombin generation. Other studies have shown the association between 

increased γ’ fibrinogen levels and increased risk for different cardiovascular diseases, 

namely arterial thrombosis, myocardial infarction and stroke [23, 44-46]. Both Alexander 

et al. and Pieters et al. reported γ’ fibrinogen as a candidate for cardiovascular disease 

marker [47, 48], and demonstrated its effect on overall clot network and fibrinolysis. A 

recent prospective study showed that γ’ fibrinogen concentrations associate with 

systemic inflammatory markers and may contribute to atherosclerotic cardiovascular 

diseases, instead of being a causal risk factor [25]. 

Clot viscoelastic properties showed that rhγ’γ’ fibrin clots are more viscous (higher 

deformation) than rhγAγA fibrin clots, in the presence of RBCs. Thus, rhγ’γ’ fibrin fibers 

attached more to RBCs and, under shear stress conditions, have higher deformability, 

which is characteristic of a high viscosity material. Collet et al. reported that the energy 

dissipated by viscous processes relative to the energy stored by elastic processes was 

decreased by 40% in γ’γ’ fibrin, when compared with γAγA fibrin [16]. Our data reveal 

that there is no statistical significant changes between the values of the damping factor 

(Tan δ) of rhγAγA and rhγ’γ’ fibrin clots in the absence of RBCs. This means that the 
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viscous and the elastic properties of the viscoelastic deformation of both fibrin clots are 

similar, which is not in agreement with the results from Collet et al. [16]. Possible 

differences in experimental set-up, magnetic tweezers (our study) versus torsion 

pendulum (Collet et al.) may explain some of these inconsistencies.  

The hypothesis that γ’ fibrinogen form fibrin blood clots with altered architecture 

was already proposed by others [22, 49]. The structure and function of the clot is a 

fundamental mechanism for thrombosis in a wide range of vascular diseases, including 

those affecting major vessels of the venous and arterial circulation and the 

microvasculature [50]. Different studies have demonstrated abnormal clot structure in 

patients with vascular diseases associated with increased risk of thrombosis, such as type 

1 and type 2 diabetes [50, 51] and abdominal aortic aneurysm [52]. In this study, the 

characterization of fibrin clot structure was also performed, showing clear differences 

between both variants, being rhγ’γ’ fibrin clots undoubtedly more heterogeneous 

constituted. From our data, rhγ’γ’ fibrin clots are more branched, with a denser fiber 

network and larger pores, compared with rhγAγA fibrin clots. Fibrin fibers in the rhγ’γ’ 

clots seem more loosely and heterogeneously packed. Furthermore, the γ’ homodimer 

forms clots with fibers of smaller diameter than the common variant. The values obtained 

by SEM for the rhγAγA fibrin fiber diameter were approximately 3 times lower than those 

published by Collet et al. [53]. However, these authors prepared the fibrin clots with 1.5 

mg/mL of fibrinogen and 0.9 U/mL of thrombin, instead of 1 mg/mL of fibrinogen and 1 

U/mL of thrombin used in our experiments. As reported by Ryan et al. [54], fibrin fiber 

diameters decrease from 72 to 46 nm as the fibrinogen concentration increase from 0.5 

to 6 mg/mL, and decrease from 108 to 44 nm as the thrombin concentration increase 

from 0.05 to 5 NIHU/mL (1NIHU/mL = [1.1 to 1.3] U/L[55]). 

Using recombinant fibrinogen variants, some authors indicated that γ’γ’ fibrinogen 

seems less compact, forming clots that are less dense (25% decrease) and have thicker 

fibers (7% increases) [16]. Gersh et al., studied the morphology of fibrin clots of all three 

variants of recombinant fibrinogen: γAγA, γAγ’ and γ’γ’ [19]. Contrary to the first authors 

and in accordance to our results, they observed that γ’γ’ fibrin clots formed thinner fibers, 

with a high degree of fiber bundles and free fiber ends compared with γAγA fibrin clots. 

Our results demonstrate that the γ’ homodimer directly alters fibrin formation and 

structure, which may help to explain the increase of thrombotic risk associated with this 
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variant, as reported by others [56]. Clinical studies have shown that abnormally dense 

fibrin structures are associated with thrombosis in patients with coronary artery disease 

[57], deep vein thrombosis [58] and stroke [59]. Confocal microscopy showed lower fiber 

density in rhγAγA clots, which is related to a less pro-thrombotic structure, when 

compared to rhγ’γ’. However, Collet et al. showed that γ’γ’ fibrin displayed a slight 

decrease on the number of fibers per volume, relative to γAγA fibrin [16]. Denser fibrin 

networks are more resistant to degradation by plasmin [16], which slows down plasmin 

generation by plasminogen activators [60] and alters the mechanical properties by 

increasing clot stiffness [61-63]. To study fibrinolysis, dynamic and structural approaches 

with laser scanning confocal microscopy were performed. Our data show that, in the 

presence of RBCs, rhγ’γ’ fibrin clots took more time to dissolve than rhγAγA fibrin clots, 

presenting a lower rate of fibrinolysis. A higher frequency of the binding between rhγ’γ’ 

fibrinogen and RBCs could lead to higher resistance of rhγ’γ’ fibrin clot to degradation, in 

the presence of fibrinolytic agents. The high frequency of rhγ’γ’ fibrinogen-RBC binding 

can be responsible for the high number of arrested cells (visible on our confocal 

micrographs), blocking the fibrin clot interspaces. This could lead to slower rates of 

diffusion of fibrinolytic agents and increased resistance to fibrinolysis. Some studies have 

already reported rhγ’γ’ fibrin clot resistance to fibrinolysis [16, 17]. A high density of 

thinner fibrin fibers becomes much more resistant to lysis than a low density of thicker 

fibrin fibers [16]. Thus, the potential use of γ’γ’ fibrinogen as a biomarker of increased 

cardiovascular risk could be pointed out. 

Our computational prediction of the full-length structure of the γ’ and γA chains of 

fibrinogen supports our experimental findings and it is in agreement with our previous 

work [28, 32]. It shows the increased ability of γ’ to interact with other molecules 

(namely, the receptors found on RBCs), even if the interaction is only transient (given its 

larger size and flexibility, as compared to γA). From our predicted models, γ’γ’ fibrin 

occupies a large surface with greater flexibility than γAγA fibrin. This could justify a γ’γ’ 

fibrin transient interaction with RBCs, forming a looser structure, as shown previously, 

that may culminate in in vivo clot emboli, more prompt to embolise. Clinical studies 

revealed the importance of γ’ fibrinogen as a biomarker, with several findings reported 

[22, 23]. Although the γ’γ’ homodimer is only found in vivo as less than 1% of total plasma 

fibrinogen [8], studying it provided us with a way to isolate the impact of the interaction 



 
 

151 
 

of γ’ chain with RBCs in a clot. It is important to notice that this study was performed at 

values of hematocrit below physiological (human hematocrit is in the 35-50% range). Due 

to technical limitations of the techniques used here, it is not possible to increase the 

number of RBCs to these levels. 

In conclusion, this study shows that γ’γ’ fibrinogen alters the clot structure and 

fibrin polymerization in the presence of RBCs. The γ’γ’ fibrin clots are composed of 

thinner, shorter fibers, arranged heterogeneously, producing large open pores with areas 

of clustered fibers that extend throughout the clot. The production of a non-uniform 

fibrin clot, with bent fibers, may contribute to the association of γ’ fibrinogen with 

thrombosis and increased risk of embolism. Our results show that, in addition to the 

clinical assessment of the total plasma fibrinogen concentration itself, it will be important 

to quantify the levels of γ’ fibrinogen in plasma. A reduction in γ’ fibrinogen levels, leading 

to a decrease on RBCs aggregation, could be a good strategy to reduce the risk associated 

to cardiovascular diseases. However, a more detailed understanding of the molecular 

mechanisms involved on the dysfunction of the γ’ fibrinogen-RBC interaction on different 

cardiovascular diseases is essential to fully understand the contribution of the γ’ chains to 

the etiology of thrombotic diseases. The existence of a specific binding mechanism in 

fibrinogen-induced RBC hyperaggregation suggests the possibility of a drug therapy to 

decrease RBCs aggregation in different pathologies and, therefore, a decrease of the 

severity of cardiovascular pathologies. 
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Supplementary information of Chapter III 
 

 

Impact of γ’γ’ fibrinogen interaction with red blood cells on fibrin clots 

 

Ana Filipa Guedes1,2; Filomena A. Carvalho1; Marco M. Domingues1,2; Fraser L. 

Macrae2; Helen R. McPherson2; Ivo C. Martins1; Cédric Duval2; Nuno C. Santos1, *, #; Robert 

A. S. Ariëns2, *, # 

 

 

Fiber network structure without red blood cells 

 

 

Supplementary Figure 1 | Scanning electron micrographs of fibers from 

recombinant rhγAγA (a, c, e) and rhγ’γ’ (b, d, f) fibrin clots. Both fibrinogen variants were 
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at a concentration of 1 mg/mL. Images were obtained at 3 different magnifications (a, b – 

5000×; c, d – 25000×; e, f – 50000×).  

 

Regarding the spatial fiber distribution, it could be observed that rhγ’γ’ fibers were 

less uniformly distributed than rhγAγA fibers (Supplementary Figure 1). The clots made 

with rhγ’γ’ were arranged into tight interconnecting bundles, producing zones with large 

open pores and more branching. It was possible to observe regions with very compact 

fibers, connected and with small pores; but, at the same time, there were other regions 

with large pores between fibers.  
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Supplementary Figure 2 | Fibrin fiber density obtained from confocal image 

analysis of rhγAγA and rhγ’γ’ fibrin clots. Number of fibers measured by quantifying the 

fibers that crossed the manually disposed lines over 100 µm of clot image. Values are 

mean ± SEM. *** p<0.0001. 

 

Confocal micrographs clearly show that rhγAγA clots are composed of longer and 

straighter fibers, when compared with rhγ’γ’ clots, which are more bent and clustered 

(Figure 5 of the main document). Fibrin fiber density increases in rhγ’γ’ clots compared to 

rhγAγA clots (45.28 ± 0.15 vs. 35.72 ± 0.56 fibers per 100 µm). Therefore, confocal 
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microscopy relates rhγAγA to a clot structure less pro-thrombotic, when compared to 

rhγ’γ’ clots. 

 

Fibrinolysis movies 

Through laser scanning confocal microscopy we acquired movies depicting the 

fibrinolysis process on rhγAγA and rhγ’γ’ fibrin clots, under 40× magnification. Fibrin was 

labeled with 5% AlexaFluor 488 (green). In these movies, it is possible to see the lysis 

front, digesting the clot. They clearly show that rhγ’γ’ clots lysed in a less uniform way 

than the rhγAγA clots. 

 

Computational analysis 

The partial experimental X-ray structure coordinates of human fibrinogen, where 

not all the  γ chain sequence is resolved  (Supplementary Figure 3a), were obtained from 

the Protein Data Bank (PDB, www.pdb.org, file 3GHG) [1]. In this experimental structure, 

the N- and C-terminal elements of the γ-chain are missing (in the N-terminus, from 

residue Y1 to E15, and in the C-terminus, from residue G395 to V411). In order to build a 

model of fibrin aggregation, we used the experimental X-ray structure of the fibrin D-

dimer (PDB, www.pdb.org, file 3H32) [2] for superimposing to the previously mentioned 

experimental X-ray structure of human fibrinogen (Supplementary Figure 3b). Molecules 

of 3GHG and 3H32 were superimposed through UCSF Chimera 1.6.2 software [3] 

MatchMaker tool [4]. Chain A corresponds to the Aα chain, B to Bβ chain and C to the γ 

chain of both molecules. Given our interest in the C-terminal section of γ chain (involved 

in blood clotting and fibrin formation), we superimposed the γ chains both from 3GHG 

and 3H32 molecules, using the γ chain (C chain) obtained from the PDB file 3GHG as a 

reference (Supplementary Figure 3c). All γ chain structures superimposed perfectly, 

especially in the C-terminal section (Supplementary Figure 3c).  

 

 

http://www.pdb.org/
http://www.pdb.org/
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Supplementary Figure 3 | The γ chains X-ray experimental structures of the 

human fibrinogen and of the fibrin D-dimer are highly superimposable and thus very 

similar. (a) Human fibrinogen partial X-ray experimental structure (PDB ID 3GHG),[1] 

highlighting in black the partial γ chain structure. Superposition of all the experimental γ 

chain partial structures (PDB ID 3GHG), highlighting in black the γ molecule of chain C. 

Zooming shows that in the C-terminal all the partial experimental structures are 

completely superimposed. The chain C molecule of the experimental file was, for the sake 

of simplicity, used in all representations shown here. (b) The experimental X-ray structure 

of fibrin D-dimer (PDB ID 3H32) for superimposing the previously mentioned 

experimental X-ray structure of human fibrinogen, γ chains highlighting in black. (c) All γ-

chains from both 3GHG and 3H32 superimposed, highlighting chain C.  

 

In order to fully describe the γ-chain role, we performed an in silico prediction of 

possible protein structures of the full-length γA (Supplementary Figure 4a) and γ’ 

(Supplementary Figure 4b) chains using I-TASSER 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) [5], a de novo protein structure 

prediction algorithm. We used the γ chain (C chain) obtained from PDB file 3GHG as a 

reference for superimposition with predicted full length γA and γ’ chains. The γ’ sequence 

was generated via the substitution of the last four residues (408AGDV411) from γA chain by 

the extra C-terminal 20 residues of the γ’ chain (408VRPEHPAETEYDSLYPEDDL427) [6]. 

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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Modeling based on the experimental partial structure of γ chain resulted in 4 and 5 

possible protein structures for the γA and γ’ full sequences, respectively. On 

Supplementary Figure 4c, it is possible to see the more bulky structure of the C-terminal 

of γ’, when compared to γA. 

 

Supplementary Figure 4 | Predictions C-terminal structures of fibrinogen γ chains. 

(a) X-ray ribbon experimental partial structure of fibrinogen γ chain (PDB ID 3GHG, 

molecule C, colored gray) superimposed with the four fibrinogen γ predicted model 

structures. The commonly structured C-terminal domain of the γ chain of the four γA 

models is colored in light blue from amino acid C153 to Q399, to distinguish from the 

experimental structure, given the almost perfect superposition. The section 

corresponding to the last 12 amino acid residues (H400-V411), for which there is no 

experimental structure available, is highlighted in a different color for each of the four 

predicted models: red (model 1), green (model 2), blue (model 3) and magenta (model 4). 

(b) X-ray ribbon experimental partial structure of fibrinogen γ chain superimposed with 

the five fibrinogen γ’ predicted model structures, color-coded as in (a), except for the five 

predicted γ’ models. These models are colored in orange (model 1), green (model 2), 

yellow (model 3), cyan (model 4) and pink (model 5), showing conformational variation 

from residue H400 to L427, as expected for a flexible region involved in binding. (c) The 

experimental human fibrinogen structure (PDB ID 3GHG) with, respectively, the predicted 

γAγA and γAγ’ structures close together superimposed, color-coded as in (a) and (b).   
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Chapter IV ▫ 

Erythrocyte binding sites on the  

fibrinogen molecule 
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Overview 
 

From previous studies, performed by our group it is known that there is a specific 

binding mechanism between fibrinogen and erythrocytes, which is not yet fully 

elucidated. Fibrinogen binds to the αIIbβ3 integrin on activated platelets, leading to the 

platelet aggregation necessary for blood coagulation. Two potential binding sites for this 

integrin on the fibrinogen molecule have been identified as the RGD (arginine-glycine-

aspartate) sequences on each Aα chain (amino acid residues 572-575 and 95-98). 

However, it is not known which binding sites of the fibrinogen protein structure are 

involved on the interaction with its specific erythrocyte receptor, leading to erythrocyte 

aggregation.  

In this Chapter, we evaluated the effect of different fibrinogen variants, specifically 

mutated in their putative integrin recognition sites on the Aα chain (mutants D97E, D574E 

and D97E/D574E), on the binding to its human erythrocyte receptor, in order to identify 

the interaction sites. Atomic force microscopy-based force spectroscopy measurements 

showed a significant decrease both on the fibrinogen-erythrocyte binding force and on its 

frequency for the proteins with the D97E mutation on the Aα chain, indicating that the 

corresponding RGD sequence (residues 95-97) is involved on this interaction. In order to 

overcome the risks of fibrinogen-driven erythrocyte hyperaggregation, new therapeutic 

approaches involving the fibrinogen Aα-RGD binding sites should be develop; however, 

further studies are still required. 
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Abstract 
 

 

Erythrocyte aggregation, a cardiovascular risk factor, is increased by high plasma 

fibrinogen levels. Here, the effect of different fibrinogen mutations on the binding to its 

human erythrocyte receptor was assessed in order to identify the interaction sites. Three 

fibrinogen variants were tested, specifically mutated in their putative integrin recognition 

sites on the Aα chain (mutants D97E, D574E and D97E/D574E) and compared with wild-

type fibrinogen. Atomic force microscopy-based force spectroscopy measurements 

showed a significant decrease both on the fibrinogen-erythrocyte binding force and on its 

frequency for fibrinogen with the D97E mutation, indicating that the corresponding 

arginine-glycine-aspartate sequence (residues 95-97) is involved in this interaction, and 

supporting that the fibrinogen receptor on erythrocytes has a β3 subunit. Changes in the 

fibrin clot network obtained with the D97E mutant in presence of RBCs were observed by 

scanning electron microscopy. These findings may lead to innovative perspectives on the 

development of new therapeutic approaches to overcome the risks of fibrinogen-driven 

erythrocyte hyperaggregation. 

 

 

 

Keywords: atomic force microscopy, fibrinogen, fibrin clot, erythrocyte aggregation, 

mutant protein. 

 

 

Abbreviations: AFM – atomic force microscopy; APTES - aminopropyl-

triethoxysilane; CHF – Chronic Heart Failure; RGD – arginine-glycine-aspartate amino acid 

residues sequence; SEM – scanning electron microscopy; WT – wild type. 
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Plain language summary 

 

Currently, cardiovascular diseases are the leading cause of mortality worldwide, 

accounting for about one third of all deaths. Erythrocyte aggregation, which may lead to 

the formation of thrombus on the bloodstream, is associated with an increase in the 

concentration of fibrinogen. However, it is not known which binding sites on the 

fibrinogen protein structure are involved on the interaction with its specific receptor on 

the erythrocyte membrane, contributing to erythrocyte aggregation.  

Here, the effect of different fibrinogen mutations on the binding to its human 

erythrocyte receptor was assessed in order to identify the interaction sites. Using atomic 

force microscopy (AFM), a nanotechnology technique, we were able to use mutated 

fibrinogen molecules as "bait" to "fish" its receptor on the surface of red blood cells. It 

was shown that the force required to break the binding between fibrinogen (the "bait") 

and red blood cell (the "fish"), as well as the frequency of this binding, were lower for the 

proteins with the D97E mutation on the Aα chain, indicating that the corresponding 

arginine-glycine-aspartate sequence is involved in this interaction. Changes on fibrin clot 

network for the D97E mutant in presence of RBCs were also observed.  

This study opens new perspectives on the development of novel therapeutic 

approaches to overcome the risks of fibrinogen-driven erythrocyte hyperaggregation. 
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Introduction 
 

Fibrinogen has a crucial role in blood clotting1. The increase in fibrinogen plasma 

concentration leads to increased erythrocyte aggregation, one of the most important 

factors affecting blood flow and a significant cardiovascular risk factor2. It has been 

reported that there is specific binding between fibrinogen and a previously unknown 

erythrocyte receptor3. 

The fibrinogen molecule contains multiple binding motifs for different cellular 

receptors, acting as a molecular link between coagulation, inflammation and immunity. 

Particularly, fibrinogen binds to the αIIbβ3 integrin on activated platelets, leading to the 

platelet aggregation necessary for blood coagulation4, 5. Three potential binding sites for 

this integrin on the fibrinogen molecule have been identified, which are structural RGD 

(arginine-glycine-aspartate) sequences on each Aα chain (amino acid residues 572-574 

and 95-97) and one dodecapeptide sequence on the γ chain, yielding a total of six 

potential binding sites per fibrinogen molecule (formed by two Aα, two Bβ and two γ 

chains)6. 

Maeda et al. proposed a model for a possible location of the erythrocyte-binding 

regions of fibrinogen in its Aα chain, and tried to explain how it may affect erythrocyte 

aggregation and deformability7. The A 207-303 domain was found to include one of the 

possible erythrocyte-binding sites7. Using atomic force microscopy (AFM)-based force 

spectroscopy measurements, we demonstrated the existence of a single-molecule 

interaction between fibrinogen and a receptor on the erythrocyte membrane, with a 

lower but comparable affinity relative to platelet binding8. Fibrinogen binding to this 

receptor is inhibited by calcium depletion and by eptifibatide (an inhibitor considered to 

be specific for the receptor of fibrinogen on platelets, the glycoprotein IIb3), but not as 

strongly as the platelet receptor. The results from a Glanzmann thrombasthenia (a rare 

hereditary bleeding disease caused by IIb3 deficiency) patient showed an impaired 

fibrinogen-erythrocyte binding. Correlation with genetic sequencing data demonstrated 

that one of the units of the fibrinogen receptor on erythrocytes is a product of the 

expression of the β3 gene8, 9. To further assess the specificity of the fibrinogen-erythrocyte 

binding, as well as to complete its identification, we recently measured the inhibition of 
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the fibrinogen-erythrocyte interaction using specific antibodies against integrins10. We 

also demonstrated that younger erythrocytes bind more fibrinogen than the older ones, 

being therefore the main cells responsible for the cardiovascular risk associated with an 

increase on the fibrinogen content in blood11. More recently, we showed that the 

interaction between fibrinogen and erythrocytes is modified in chronic heart failure (CHF) 

patients. The average force necessary to break the bond between fibrinogen and 

erythrocytes from CHF patients is higher than for erythrocytes from the control group10. 

Also using AFM, we showed that increasing fibrinogen levels lead to an increase in 

erythrocyte-erythrocyte adhesion in essential arterial hypertension patients12. Thus, AFM-

based force spectroscopy is an approach with a high potential for applicability on 

biomedical research, inclusively on the study of cardiovascular diseases10-14. 

Here, three stable fibrinogen variants were obtained according to previously 

established procedures4, 15, specifically altered in the described integrin binding sites on 

the Aα chain (D97E, D574E and the D97E/D574E double mutant). Using these variants, we 

conducted force spectroscopy measurements to determine the force necessary to break 

the bond between each fibrinogen variant (attached to the AFM tip) and erythrocytes. For 

the sake of comparison, identical measurements were conducted with wild-type (WT) 

fibrinogen. The analysis of the structure of the fibrin fibers in the blood clot was done 

using scanning electron microscopy (SEM). The results shed light on which integrin 

binding sites of the fibrinogen molecule are involved on the binding to the erythrocyte 

receptor. Knowledge of these aspects may lead to innovative perspectives on the 

development of new therapeutic drugs to overcome the risks of fibrinogen-driven 

erythrocyte hyperaggregation. 
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Methods 
 

Fibrinogen mutants 

The constructs for the fibrinogen variants were produced as previously described4, 

15. We performed DNA sequence analysis, constructed the expression vectors and 

conducted site-directed mutagenesis according to established procedures. Briefly, baby 

hamster kidney cells (BHK), purchased from ATCC, were used to produce three stable 

fibrinogen mutants (Aα chain mutants D97E, D574E and the D97E/D574E double mutant) 

and the WT fibrinogen. Aα chain mutations have a single-nucleotide change, resulting in a 

codon for a different amino acid residue (aspartate changed to glutamate).  

 

Erythrocyte isolation 

Blood from adult healthy donors was collected into K3EDTA anticoagulant tubes 

with their previous written informed consent, following a protocol with the Portuguese 

Blood Institute (Lisbon), approved by the joint Ethics Committee of the Faculty of 

Medicine of the University of Lisbon and the Santa Maria Hospital. The experimental work 

was carried out in accordance with the Declaration of Helsinki of the World Medical 

Association. Erythrocytes were isolated from the blood samples according to established 

procedures8, 10, 11. Briefly, erythrocytes were separated from the other blood components 

by centrifugation at 200 g for 10 min, at 10°C. Plasma and buffy-coat were removed, and 

the erythrocytes were washed three times with buffered saline glucose citrate (BSGC: 1.6 

mM KH2PO4, 8.6 mM Na2HPO4, 120 mM NaCl, 13.6 mM sodium citrate, 11.1 mM glucose, 

pH 7.3) supplemented with 1 mM CaCl2. Erythrocytes (0.1% hematocrit) were attached to 

a clean poly-L-lysine treated glass slide after 30 min of deposition, at room temperature. 

Non-adherent cells were removed by sequential washes with buffer. Samples were 

loaded into the AFM and allowed to equilibrate in buffer for 15 min before force 

spectroscopy measurements. 
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AFM tip functionalization 

A previously optimized procedure was used for the covalent attachment of 

fibrinogen to the AFM tips (functionalization) and for blood cells deposition on a solid 

substrate8, 10, 11. Briefly, cleaned AFM silicon nitride tips were silanized with 3-

aminopropyl-triethoxysilane (APTES). Then, the probes were treated with a 

glutaraldehyde solution 2.5% (v/v) and finally immersed in a 0.5 mg/mL final 

concentration of fibrinogen (WT or mutant). 

 

AFM-based force spectroscopy 

Force spectroscopy measurements were performed on a NanoWizard II atomic 

force microscope (JPK Instruments, Berlin, Germany), mounted on an Axiovert 200 

inverted optical microscope (Zeiss, Jena, Germany), using fibrinogen functionalized OMCL 

TR-400-type silicon nitride AFM tips (Olympus, Tokyo, Japan), as previously described8. 

The spring constant of the tips was calibrated by the thermal fluctuation method, 

resulting in values of 19 ± 7 mN/m. The applied force was adjusted to 0.8 nN before 

retraction. Molecular recognition was searched by intermittently pressing the cantilevers 

on each erythrocyte adsorbed on the glass slide. Data collection for each force-distance 

cycle was performed at 2 µm/s, leading to a loading rate of 4 nN/s. Force curves were 

analyzed using the JPK image processing software v. 4.2.61. For any given experiment, 

approximately 5000 force-distance curves were collected, analyzed and adjusted by 

polynomial fit16. Each experiment was performed at least three times, each time on 

different blood samples and with different functionalized tips.  

 

Scanning electron microscopy 

SEM was used to investigate the differences on structure of clots formed from WT 

and D97E recombinant fibrinogen, especially in the presence of erythrocytes.  

WT or D97E recombinant fibrinogen (0.5 mg/mL final concentration) and CaCl2 (final 

concentration 10 mM) were diluted in TBS (50 mM Tris-HCl, 100 mM NaCl, pH 7.5) and 

premixed. Human thrombin (Calbiochem, Nottingham, UK; final concentration 1 U/mL) 

was then added to initiate clotting. The mixtures were immediately transferred to 
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Eppendorf lids, which were pierced with a syringe to assist solvent permeation. Clots 

were formed in a moist chamber, at room temperature, for 120 min. Clots were then 

washed with saline solution to remove excess salt, followed by fixation in 2% (v/v) 

glutaraldehyde (120 min). Clots were further washed extensively with sodium cacodylate 

buffer and dehydrated in a series of increasing acetone concentrations (30-100%). Clots 

were critical-point dried with CO2, mounted onto stubs and sputter-coated with platinum, 

using a Cressington 208 HR (Watford, UK). Clots were also prepared with the appropriate 

amount of erythrocytes for a final hematocrit of 20%. They were observed and 

photographed digitally on at least 3 different areas per clot, using a scanning electron 

microscope Hitachi SU8230 FESEM (Tokyo, Japan), at 5 different magnifications (2500× 

(data not shown), 5000×, 10000× (data not shown), 25000× and 50000×). At least, 

duplicates of each type of clot were performed. Fiber diameters were measured from 20 

random fibers of each image in high magnification (25000×), using ImageJ software 

(National Institutes of Health, Bethesda, MD, USA). Each cross-section measurement was 

performed over a single fibrin fiber and values of fiber diameter were extracted and 

averaged. All cross-section measurements were performed away from the branching 

points, in order to avoid biased results. 

 

Statistical analysis 

Unpaired samples Student’s t-test was used for statistical analysis. Differences were 

considered statistically significant for p < 0.05. For atomic force microscopy, each 

experiment was performed at least three times, each time with different blood samples 

and with different functionalized tips. At least 15 erythrocytes were tested on each blood 

sample. For scanning electron microscopy, at least duplicates of each type of clot were 

performed. Average fiber diameters were measured from 20 random fibers of each 

image, at high magnification (25000 ×). 
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Results and discussion 
 

AFM-based force spectroscopy studies, conducted at the single-molecule level, 

yielded force vs. distance curves, acquired after the binding of mutant or WT fibrinogen 

to the receptor on erythrocytes (Figure 1a). The repeated measurements of the adhesion 

events, as the one shown in Figure 1b, allowed us to build up rupture force histograms for 

each fibrinogen variant and cell population studied.  

 

Figure 1  AFM-based force spectroscopy experiments and force-distance curve. a) 

Schematic representation of the erythrocytes deposited on a poly-L-lysine-coated glass 

slide and an AFM tip chemically functionalized with different fibrinogen variants. The 

vertical movement approaching the tip to the sample until contact enables the binding of 

fibrinogen to the erythrocyte. The subsequent retraction progresses until a certain force 

(and distance) is reached and the fibrinogen molecule detaches from the erythrocyte 

surface. The (un)binding frequency corresponds to the fraction of these approach-

retraction cycles in which binding and subsequent unbinding occur. b) Example of a force-

distance curve. When approaching the tip to the sample (red line), the fibrinogen 

molecule may contact with cell receptor(s) and the binding between them can occur. By 

retracting the tip away from the sample (blue line), as the cantilever moves upward, the 

tip bends down to negative force values. In some surface distance point, the bond breaks 

and the cantilever jumps back to its neutral force position. At this point, the binding force 

necessary to break the bond, at the single-molecule level, can be measured. 
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Figure 2a shows the rupture force histograms for the three different fibrinogen 

mutants and WT fibrinogen. It can be noticed that, in the presence of the D97E or 

D97E/D574E mutant, the histogram is shifted to lower binding forces, when compared 

with those obtained for WT fibrinogen. The opposite variation trend was obtained for the 

rupture force histogram of D574E, which is shifted to higher and stronger binding forces. 

As it can be observed in Figure 2b, the average force necessary to break the bond 

between the D97E fibrinogen mutant (43.2 ± 1.1 pN) or the D97E/D574E double mutant 

(49.2 ± 0.8 pN) and erythrocytes is significantly lower than for WT fibrinogen (58.8 ± 2.3 

pN; p < 0.0001 for both pairs). On the other hand, the average force necessary to break 

the bond between erythrocytes and the D574E mutant (105.9 ± 1.7 pN) was significantly 

higher than for the WT (p < 0.0001).  

Decreases on the frequency (probability) of fibrinogen-erythrocyte binding and 

subsequent unbinding for the D97E (11.4%), D574E (13.1%) or D97E/D574E (11.1%) 

mutants in comparison with the WT fibrinogen (15.9%) were observed. The variation of 

the binding frequency of the different mutants relative to the WT is presented in Figure 

2c. 

 

Figure 2  AFM force spectroscopy data for the binding between different 

fibrinogen variants and erythrocytes. a) Rupture force histograms of the interactions 
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between the three different fibrinogen mutants (D97E, D574E and D97E/D574E: light 

grey) or wild-type fibrinogen (dark grey) and erythrocytes. On the rupture force 

histograms, each count represents a single molecule binding between one fibrinogen 

molecule and one of its cell receptors. b) Average (un)binding force of the interactions. 

Values are shown as mean ± standard error of mean (SEM). There were statistically 

significant variations (***, p < 0.0001) of the rupture forces between WT fibrinogen and 

the three fibrinogen variants with mutations on the Aα chain (D97E, D574E and 

D97E/D574E). c) Variation of the fibrinogen-erythrocyte (un)binding frequency of the 

different fibrinogen variants relative to WT fibrinogen. (Un)binding frequency variations 

were calculated based on the ratio between the frequency of (un)binding events 

determined for the mutants and the frequency of (un)binding events obtained for WT 

fibrinogen.  

 

Our results indicate that the RGD sequence corresponding to amino acid residues 

95 to 97 of the fibrinogen Aα chain is involved in the binding to the erythrocyte 

membrane receptor. It has previously been reported that this RGD sequence is also 

involved in the binding to the β3 subunit of the αVβ3 receptor on endothelial cells17. These 

results further support our recent findings regarding the fibrinogen receptor on 

erythrocytes8, 10. 

The force necessary to break the bond between D574E fibrinogen and the 

erythrocyte membrane receptor was significantly higher than for WT fibrinogen, while 

the frequency of (un)binding events for this mutant was lower. These apparently opposite 

effects might be explained by the location of the specific binding site. As it is located close 

to the C-terminus of the  chain, the domain may eventually change conformation, 

leading to a stabilization of the complex formed upon binding to the erythrocyte 

receptor.  

It is worth to mention that during the conversion of fibrinogen to fibrin, thrombin 

cleaves fibrinogen Aα chain at Arg-16 and the Bβ chain at Arg-14, releasing the 

fibrinopeptides A and B, respectively, and forming the so-called fibrin monomers18, 19. In 

the fibrinogen structure the thrombin cleavage regions are distant from the mutated 

regions of fibrinogen variants produced here. Therefore, these mutations on the 
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fibrinogen molecule do not interfere with the thrombin-induced conversion of fibrinogen 

to fibrin. 

The existence of a specific binding mechanism in fibrinogen-induced erythrocyte 

hyperaggregation suggests the possibility of developing new treatments to decrease 

erythrocyte aggregation, therefore potentially decreasing cardiovascular risk. Fibrinogen 

is considered an independent risk factor on screening programs aimed at identifying 

individuals at high risk for cardiovascular diseases20. Our results shows that, in addition to 

the assessment of the plasma fibrinogen concentration itself, it may also be important to 

identify mutations in the fibrinogen molecules that may change the binding to 

erythrocytes as a risk assessment strategy. 

Moreover, in order to see if this fibrinogen variant induces changes on the structure 

of the fibrin blood clot, a scanning electron microscopy assessment was also performed. 

From the micrographs obtained for the D97E and WT fibrin clots, we observed that there 

were no differences in fibrin clot structure (Figure 3).  
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Figure 3  Clots made from WT (a-c) or D97E (d-f) fibrinogen (0.5 mg/mL), imaged 

by scanning electron microscopy. Magnifications: a, c - 5000×; b, e - 25000×; c, f - 

50000×. 

 

Clots were also evaluated in the presence of 20% of erythrocytes (Figure 4). The 

clots formed with WT fibrin have a more homogeneous structure than those formed with 

the D97E mutant. The D97E fibrin clots seem to have a more disorganized structure, with 

higher number of clusters that entrap erythrocytes. The clots appear to be more loosely 

packed, eventually leading to a higher risk of embolism. SEM images correlate well with 
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the AFM data, where a decrease of both the binding force and the binding frequency 

were observed for this mutant, when compared with the WT fibrinogen. 

 

Figure 4  Fibrin clots formed in the presence of erythrocytes (20%), with WT (a-c) 

or D97E (d-f) fibrinogen, imaged by scanning electron microscopy. Magnifications: a, d - 

5000×; b, e- 25000×; c, f - 50000×. 

 

After analyzing the SEM micrographs shown on Figures 3 and 4, the diameter of the 

fibers were calculated (Figure 5). No differences in fiber diameter between both 

fibrinogen variants were observed in the absence of erythrocytes, but statistically 



 
 

185 
 

significant differences were found in the presence of these cells. The addition of 20% of 

erythrocytes to the D97E fibrin clot caused a decrease in fiber thickness (37.7 ± 2.0 nm 

without erythrocytes vs. 18.9 ± 1.1 nm with erythrocytes; p < 0.0001) and led to an 

extensive network rearrangement. A statistically significant variation of the fibers’ 

diameter was also observed between WT fibrin and D97E fibrin, both in the presence of 

erythrocytes (30.8 ± 1.8 nm vs. 18.9 ± 1.1 nm, respectively; p < 0.0001). 
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 Figure 5  Diameter of fibers from WT or D97E fibrin clots, in the absence or 

presence of erythrocytes. Data are presented as a box of whiskers plot. Fiber diameters 

were measured from 20 random fibers from each condition, imaged with 25000× 

magnification (***, p < 0.0001). 

 

The difference in the D97E fibrin fibers’ diameter in the presence of erythrocytes is 

clear. This should be due to the mutant fibrin(ogen) interaction with erythrocytes, and 

not to any difference in the polymerization of this fibrinogen variant itself, as the 

structure of the mutant fibrin without these cells seem the same as for the WT. Only 

when erythrocytes are present, the clot D97E fibrin structure becomes different.  

The architecture of the clot may affect its stability, viscoelastic and mechanical 

properties, as well as its fibrinolytic characteristics21, 22. These characteristics may 

determine if a clot breaks down by fibrinolysis, or if it will lead to blood vessel occlusion 

or embolization23. Moreover, it has been previously reported that tightly packed and rigid 

clots, with thinner fibers and low porosity, are less susceptible to the action of 

thrombolytic agents24, 25. 
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This work yields valuable new information on the identification of the fibrinogen 

domains that interact with its erythrocyte membrane receptor, contributing to the 

erythrocyte hyperaggregation in the bloodstream induced by increased levels of 

fibrinogen. Moreover, in this study, AFM-based force spectroscopy demonstrated its 

potential as an important nanotechnology approach for biomedical research application, 

important to measure the interaction forces between fibrinogen (or other plasma 

proteins) and human blood cells. Future studies using animal models would be important 

to test the binding between the fibrinogen variants and erythrocytes in vivo, in order to 

develop new therapeutic approaches to treat fibrinogen-driven erythrocyte 

hyperaggregation. 
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Chapter V ▫ 

Fibrinogen-erythrocyte binding  

in chronic heart failure 
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Overview 
 

The main motivation for the work described in this Chapter came from the fact that 

it has been reported that increasing plasma fibrinogen levels have pathogenic 

implications in thrombus formation, due to the increase on erythrocyte aggregation. This 

Chapter had two main goals. Firstly, we wanted to evaluate the fibrinogen-erythrocyte 

interaction as a risk biomarker for a worse clinical prognosis in Chronic Heart Failure (CHF) 

patients. We showed that the interaction between fibrinogen and erythrocytes is 

modified in these patients, even in both etiologies of CHF (ischemic and non-ischemic). A 

12-months clinical follow-up was performed, which allowed to observe that patients with 

higher fibrinogen-erythrocyte binding forces at the beginning of the study, had a 

significantly higher probability of being hospitalized due to cardiovascular complications 

during the subsequent year. We believe that a better understanding of the molecular 

mechanisms underlying the interaction between fibrinogen and erythrocytes in CHF 

patients may be important to reduce aggregation and enhance microcirculatory flow 

conditions. Patients’ hemorheological profiles were also assessed and changes were 

observed.   

Fibrinogen-induced erythrocyte aggregation has been considered to be caused by 

its non specific binding to erythrocyte membranes. In contrast, platelets are known to 

have a fibrinogen integrin receptor on their membrane, the glycoprotein complex αIIbβ3. 

The second main goal of this part of the study was to complete the identification of the 

erythrocyte receptor for fibrinogen. In order to identify a specific interaction between 

fibrinogen and an erythrocyte membrane receptor, we conducted AFM binding inhibition 

studies with specific antibodies against αv and αvβ3 integrins to measure the inhibition of 

the fibrinogen-erythrocyte interaction. Further details are described in this Chapter, 

including the supplementary information of the article. 

 

This work was performed at Instituto de Medicina Molecular, Faculdade de 

Medicina, Universidade de Lisboa but also at Hospital Pulido Valente, Centro Hospitalar 

Lisboa Norte. 
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Abstract 
 

The availability of biomarkers to evaluate the risk of cardiovascular diseases is 

limited1. High fibrinogen levels have been identified as a relevant cardiovascular risk 

factor, but the biological mechanisms remain unclear2, 3.  Increased aggregation of 

erythrocytes (red blood cells) has been linked to high plasma fibrinogen concentration2, 4. 

Here, we show using atomic force microscopy, that the interaction between fibrinogen 

and erythrocytes is modified in chronic heart failure patients. Ischemic patients showed 

increased fibrinogen-erythrocyte binding forces compared with non-ischemic patients. 

Cell stiffness in both patient groups was also altered. A 12-month follow-up shows that 

patients with higher fibrinogen-erythrocyte binding forces initially were subsequently 

hospitalized more frequently. Our results show that atomic force microscopy can be a 

promising tool to identify patients with increased risk for cardiovascular diseases.  
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Introduction 
 

Cardiovascular diseases are the leading cause of death worldwide, being 

responsible for approximately 30% of the total number of human losses5. Chronic heart 

failure (CHF), a complex clinical cardiovascular syndrome, is characterized by the heart 

failing to pump enough blood with the right pressure6, 7. Ischemic cardiomyopathy is the 

most common cause of heart failure, and patients with this condition have poorer disease 

prognosis and response to treatment than non-ischemic patients8. 

Erythrocyte aggregation has pathogenic implications in thrombus formation9, 10. It is 

associated with an increase in the concentration of fibrinogen in blood plasma2, 3, which is 

a significant risk factor for several cardiovascular disorders11, 12. A few studies have 

focused on a possible specific interaction between fibrinogen and erythrocytes13, 14. 

However, our recent finding indicated that an integrin receptor for fibrinogen, with a β3 

subunit, exists on the erythrocyte membrane15, 16. Establishing the diagnostic, extent, and 

severity of cardiovascular diseases, as well as determining the potential risk of 

cardiovascular events, are crucial steps towards improving patient outcomes. For 

information about non-invasive tests and procedures used to evaluate CHF patients, 

please see Supplementary Section “Biomedical Relevance”.  

There are an increasing number of reports that utilize atomic force microscopy 

(AFM) as a nanodiagnostic tool for use with patient cells17, 18, 19. A better understanding of 

the molecular mechanisms underlying the interaction between fibrinogen and 

erythrocytes in CHF patients may be important for eventual future drug interventions to 

reduce aggregation and enhance microcirculatory flow conditions. Here, we evaluate the 

fibrinogen-erythrocyte interactions, in stable outpatients with systolic CHF, using AFM-

based force spectroscopy. We examined (1) the fibrinogen-erythrocyte interaction as a 

risk biomarker for a worse clinical prognosis, leading to hospitalization; (2) the association 

of fibrinogen-erythrocyte interaction with CHF etiology (ischemic or non-ischemic); and 

(3) patients’ hemorheological profile. 

 

 

 



 
 

198 
 

Results and discussion 
 

The baseline characteristics of the cohort CHF patients, their relevant clinical data 

and the list of drugs used in their therapy are presented in Table 1.  

 

Table 1  Clinical profile, concomitant diseases and therapeutics at baseline of all 

chronic heart failure patients studied and for non-ischemic CHF and ischemic CHF patient 

groups. 

 
CHF patients (all) Non-ischemic CHF Ischemic CHF 

Demographics    

Number of patients 30 15 15 

Age (mean ± SD) 63.8 ± 9.9 61.9 ± 10.8 65.6 ± 9.1 

Male/Female (%) 90/10 85/15 92/8 

Cardiac parameters    

NYHA, II/III (%) 57/43 33/67 80/20 

LV ejection Fraction (%; mean ± SD) 30.3 ± 8.8 29.5 ± 10.0 31.01 ± 7.7 

Fibrinogen (mg/dL; mean ± SD) 325 ± 85 355 ± 96 296 ± 62 

NT-ProBNP (pg/ml; median) 1330 2683 744 

Concomitant diseases    

Diabetes mellitus (%) 23 13 33 

Hypertension (%) 87 80 93 

Myocardial infarction (%) 50 0 100 

Auricular fibrillation (%) 30 40 20 

Chronic renal insufficiency (%) 50 60 40 

Chronic obstructive pulmonary disease (%) 13 13 13 
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Therapeutics at inclusion    

Furosemide (%) 83 93 73 

ACE inhibitor (%) 60 80 40 

Angiotensin receptor blocker (%) 30 20 40 

Beta-blocker (%) 83 93 73 

Cardiac resynchronization therapy (%) 33 60 7 

Anti-platelet aggregation (%) 80 60 100 

Abbreviations: ACE, angiotensin-converting enzyme; LV, left ventricular; NT-ProBNP, N-terminal pro-brain 

natriuretic peptide; NYHA, New York Heart Association functional classification (II - symptomatically 'mild' CHF and 

III - symptomatically 'moderate' CHF). 

 

Figure 1a presents a schematic illustration of the set-up, in which fibrinogen 

molecules attached to the AFM cantilever were allowed to bind to its specific erythrocyte 

membrane receptor. Force adhesion maps of erythrocytes were recorded to define the 

correct position of the cantilever on top of a single cell (Fig. 1b).  With this AFM-based 

force spectroscopy methodology, fibrinogen-erythrocyte interactions were assessed at 

the single-molecule level using the adhesion profiles obtained on each force curve (Fig. 

1c, d). It was possible to measure the fibrinogen-erythrocyte binding force, from the 

deflection of the AFM tip on the retraction curve (Fig. 1c).  
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Figure 1  AFM-based force spectroscopy set-up and its crude data. (a) Schematic 

representation of the erythrocytes deposited on a poly-L-lysine-coated glass slide and an 

AFM tip chemically functionalized with fibrinogen molecule(s). (b) Example of a force 

mapping height image of erythrocytes (image is 20  20 µm2; height color scale was 

adjusted to 1.2 µm). The symbols indicate the surface locations chosen on each cell to 

perform the force spectroscopy measurements. (c) Example of a force-distance curve, 

showing a single adhesion event. When approaching the tip to the sample (red line), the 

fibrinogen molecule may contact with cell receptor(s), enabling binding. When retracting 

the tip away from the sample (blue line), as the cantilever moves upwards the tip bends 

down to negative force values. At a particular distance the bond breaks and the cantilever 

jumps back to its neutral force position. The force F necessary to break the bond at the 

single-molecule level can be obtained from this point, and the effective spring constant of 

the cantilever-cell system (ks) can be calculated from the slope of the force-distance curve 

(black line). The green line, which is superimposed on the blue line, defines the fitting of 

the retraction curve. The grey vertical line indicates the recognition of an adhesion event 

between fibrinogen and its erythrocyte membrane receptor, with its force calculated 

after the polynomial fitting of the retraction curve. (d) Typical force-distance curves 
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obtained for the interaction of fibrinogen with erythrocytes from the three studied 

groups: control healthy donors (blue curve), non-ischemic CHF patients (green) and 

ischemic CHF patients (red). For simplicity, only the retraction curves are shown.  

 

In a previous study, we showed that the interaction between fibrinogen and its 

integrin receptor on erythrocytes, assessed by AFM, is inhibited by the absence of calcium 

ions and by the presence of eptifibatide15. We have also reported the existence of a 

single-molecule interaction between fibrinogen and a αIIbβ3-related integrin receptor on 

the erythrocyte membrane15. It is known that an RGD (Agr-Gly-Asp) sequence at the Aα 

chain of the fibrinogen molecule is involved in binding to the β3 subunit of the αVβ3 

receptor on endothelial cells20. To further assess the specificity of the fibrinogen-

erythrocyte binding, as well as to complete its identification, we measured the inhibition 

of the fibrinogen-erythrocyte interaction by specific antibodies against αv and αvβ3 

integrins (Supplementary Fig. 1), following an established procedure21. These results 

showed that the integrin αVβ3 is the receptor for fibrinogen on erythrocytes. 

Changes in the fibrinogen-erythrocyte binding force and/or on its frequency could 

provide insights into the pathological condition at the microcirculatory level. Force 

histograms of the data obtained for the control group (healthy donors), non-ischemic and 

ischemic CHF patients are presented in Fig. 2a. The main differences were observed at the 

level of the stronger binding events (forces above 50 pN). The strongest fibrinogen-

erythrocyte interactions were measured for ischemic CHF patients, followed by non-

ischemic CHF patients and finally the group of healthy control subjects. The variations are 

clearer in Fig. 2b,d, which shows that the average force necessary to break the bond 

between fibrinogen and erythrocytes taken from CHF patients is higher than for 

erythrocytes taken from the control group (60.6 ± 6.6 pN versus 40.4 ± 3.0 pN; p = 0.038), 

despite the lower binding frequency in CHF patients (13.0 ± 2.4 % vs. 27.3 ± 4.2 %; p = 

0.003). Looking into each CHF etiology, (Fig. 2c,e), ischemic patients presented a higher 

binding force than healthy donors (74.9 ± 10.7 pN vs. 40.4 ± 3.0 pN; p = 0.004), despite 

their lower binding frequency (11.7 ± 2.1 % vs. 27.3 ± 4.2 %; p = 0.002). Ischemic patients 

also presented higher binding forces than non-ischemic patients (74.9 ± 10.7 pN vs. 45.4 ± 

5.6 pN; p = 0.021), and non-ischemic patients had a lower binding frequency than control 

donors (14.3 ± 4.3 % vs. 27.3 ± 4.2 %; p = 0.040).  
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Figure 2  AFM-based force spectroscopy data of the interactions between 

fibrinogen and erythrocytes from heart failure patients and healthy blood donors. (a) 

Rupture force histograms, showing the distribution of the values obtained for the 

interactions between fibrinogen and erythrocytes from healthy blood donors (control) 

and heart failure patients (non-ischemic and ischemic). A comparison of the rupture force 

profiles obtained for the three studied groups is also presented. The y axes of the 

histograms show the relative probability of the binding occurring. On the rupture force 

histograms, each count represents a single molecule binding (and subsequent unbinding) 

between one fibrinogen molecule and one of its specific erythrocyte receptors. 

Measurements were carried out with an applied force of 0.8 nN and a retraction speed of 

2 m/s. Average binding forces (b, c) and binding frequencies (d, e), for all patients versus 

control subjects (b, d), and with patients divided according to etiology (ischemic or non-

ischemic) (c, e). The average force necessary to break the bond between fibrinogen and 

erythrocyte from CHF patients was higher than for the control group. Ischemic patients 

presented higher binding forces than the non-ischemic patients. Values are presented as 

mean  SEM. Statistical significance values: (b) * p = 0.038; (c) * p = 0.021, ** p = 0.004; 
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(d) ** p = 0.003; and (e) * p = 0.040, ** p = 0.002. Error bars in b-e represent the 

minimum and maximum values for all data. 

 

The stronger fibrinogen-erythrocyte binding in CHF patients, with the plasma 

protein eventually contributing to a transient bridging of two or more erythrocytes, may 

impair blood flow conditions and contribute to the higher thrombosis risk associated with 

this disease3. 

It has been reported that the erythrocyte membrane exhibit plastic changes under 

some pathological circumstances and can be permanently deformed by excessive shear 

forces22. Erythrocytes from the patients evaluated here may thus eventually have 

suffered changes at the membrane level leading to a lower binding frequency but, 

following binding, a stronger force is necessary to break the fibrinogen-erythrocyte 

interaction. Differences between CHF patients and healthy donors in terms of erythrocyte 

elasticity and AFM tip penetration depth into the cells were therefore assessed. 

Erythrocytes from non-ischemic patients presented higher average stiffness than those 

from the other two groups (Supplementary Fig. 2a). Nevertheless, a significantly higher 

cell penetration depth at the same applied force was observed for ischemic CHF patients 

(Supplementary Fig. 2b). Other studies performed with erythrocytes from patients with 

different diseases (e.g., lupus erythematosus23 and sickle cell disease24), have shown 

changes in these cell elastic properties. Young’s modulus values for the erythrocytes from 

the control group in our study are in the same range as those reported by Maciaszek and 

Lykotrafitis for normal erythrocytes that have not been fixed24.  

The results obtained for whole blood viscosity (Fig. 3) show that the native (without 

hematocrit correction) whole blood viscosity, measured at two shear rates, was higher for 

non-ischemic patients than for ischemic patients (8.09 ± 0.42 mPa.s vs. 7.08 ± 0.24 mPa.s, 

p = 0.046, at a shear rate of 22.5 s-1, and 4.70 ± 0.17 mPa.s vs. 4.23 ± 0.11 mPa.s, p = 

0.028, at a shear rate of 225 s-1). The data also show that, at low shear rate (22.5 s-1), non-

ischemic patients presented a higher native blood viscosity than the control group (8.09 ± 

0.42 mPa.s versus 7.05 ± 0.08 mPa.s, p = 0.010). At 45% hematocrit, non-ischemic CHF 

patients presented whole blood viscosity values higher than the control group (7.63 ± 

0.13 mPa.s versus 6.80 ± 0.11 mPa.s, p < 0.0001, at 22.5 s-1, and 4.73 ± 0.07 mPa.s versus 

4.18 ± 0.09 mPa.s, p < 0.0001, at 225 s-1).  
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Figure 3  Changes in whole blood viscosity between ischemic and non-ischemic 

CHF patients and healthy donors. Viscosities of native whole blood (a, b, c) or after 

hematocrit correction to 45% (d, e, f) were measured at low (22.5 s- 1; a, d) and high (225 

s-1; b, e) shear rate values. Plots of whole blood viscosity versus shear rate are also shown 

for each studied group (c, f; dashed lines are mere guides to the eye). At 45% hematocrit, 

non-ischemic CHF patients displayed higher whole blood viscosity than the control group. 

Non-ischemic patients showed higher whole blood viscosity than the ischemic patients. 

Values are presented as mean  SEM. Statistical significance values: (a) * p = 0.010 (non-

ischemic vs. control), * p = 0.046 (ischemic vs. non-ischemic); (b) * p = 0.028; (d) ** p = 

0.014, *** p < 0.0001; and (e) ** p = 0.001, *** p < 0.0001. Error bars in a, b, d, e 

represent the minimum and maximum values for all data. 

 

The whole blood viscosity was significantly higher in the non-ischemic group than 

for the ischemic patients (p = 0.014 at a shear rate of 22.5 s-1 and p = 0.001 at 225 s-1). 

Ischemic patient results were similar to those obtained for the control group. This was an 

unexpected result because previous findings have indicated that ischemic patients 

present higher blood viscosities and this is associated  with higher cardiovascular risk8. A 

statistically significant correlation (p = 0.042) between whole blood viscosity and 

fibrinogen-erythrocyte binding forces was observed only for non-ischemic CHF patients, 



 
 

205 
 

with a correlation coefficient of 0.53 (Supplementary Fig. 3). Baskurt and Meiselman 

considered that the apparent viscosity of blood depends on the existing shear forces and 

is determined by hematocrit, plasma viscosity, erythrocyte aggregation and their 

mechanical properties22. Erythrocytes aggregate under low blood flow, with a decrease in 

shear forces. Under these conditions, the viscosity of the blood becomes higher25. Under 

high shear forces, the apparent viscosity decreases and approaches a minimum value, as 

observed in our experiments (Fig. 3). 

The erythrocyte deformability (assessed as elongation index) results obtained for all 

the experimental groups are presented in Fig. 4.  

 

Figure 4  Erythrocyte deformability measured at different shear stress values for 

all studied groups. Changes in erythrocyte deformability (assessed as elongation index) 

between CHF patients and healthy donors (a) and according to etiologies (b-d). 

Erythrocyte deformability was measured at shear stress values between 0.3 and 60 Pa, 

mimicking blood vessels of different diameters. Both patient groups showed higher 

deformability than the control group at low shear stresses, but lower deformability at 
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higher shear stresses. Values are presented as mean  SEM. Statistical significance values: 

(a) * p < 0.037, ** p = 0.0043, *** p < 0.0001; (b) * p < 0.046, *** p < 0.0003; and (c) * p = 

0.032, ** p = 0.0056, *** p < 0.0001.  

 

Lower and higher shear stress values try to mimic the in vivo situation of 

erythrocyte flow along blood vessels with larger or smaller internal diameter, 

respectively26. The CHF patients presented higher erythrocyte deformability than the 

control group at lower shear stresses (0.3-1.2 Pa; p < 0.0043), and lower deformability at 

higher shear stresses (12-60 Pa; p < 0.037) (Fig. 4a). Both patient groups showed higher 

deformability than the control group at lower shear stresses (p < 0.0056 for ischemic and 

p < 0.0003 for non-ischemic patients), but lower deformability at higher shear stresses (p 

= 0.032 for ischemic and p < 0.035 for non-ischemic group). There were no statistically 

significant differences between the data obtained for the two groups of CHF patients. The 

deformability results indicate that CHF patients’ erythrocytes are more deformable than 

those from healthy donors in vessels with larger internal diameters. However, in smaller-

diameter vessels the opposite trend exists. Comparing these data with AFM results, we 

may hypothesize that patients’ erythrocytes present alterations on the membrane-

cytoskeleton complex, promoting an increased deformability in larger vessels and a lower 

frequency of fibrinogen-erythrocyte binding, but a higher binding force. In smaller 

vessels, erythrocyte deformability was lower for patients than for healthy donors. This 

result is extremely important because of the increased cardiovascular risk associated with 

such an alteration. Erythrocytes are highly deformable cells that tend to orient 

themselves with the blood flow streamlines, especially if shear forces are high enough to 

slightly deform these cells27. The transient interaction between fibrinogen and 

erythrocytes cannot lead to clot formation, but it is able to promote erythrocyte transient 

aggregation, increasing the cardiovascular risk associated with pathologic conditions. 

Correlation analysis of the patient’s clinical data (summarized in Table 1) with all the 

AFM and hemorheological data was performed. Fibrinogen plasma concentration was 

found to correlate positively and significantly with whole blood viscosity at high shear 

stress values (Supplementary Fig. 4). 

Patients’ annual hospitalization rate was 23.3%. Importantly, the 12-months clinical 

follow up showed that patients with higher fibrinogen-erythrocyte binding forces at the 
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beginning of the study had a higher probability of being hospitalized due to 

cardiovascular complications (103.8 pN, 95% confidence interval (CI) 55.1-112.9 vs. 36.9 

pN, 95% CI 28.0-93.5; p = 0.033). The receiver operating characteristic (ROC) curve for 

hospitalization was associated with the AFM binding force (area under curve (AUC) = 

0.770, 95% CI 0.598-0.902; p = 0.033) and the percentage of (un)binding events (AUC = 

0.714, 95% CI 0.532-0.896; p = 0.091). Fibrinogen-erythrocyte binding forces above the 

median (52.37 pN) were associated with higher risk of hospitalization (hazard ratio, HR = 

6.85, 95% CI 0.82-56.9; p = 0.075), as presented on the hospitalization curve (Fig. 5; p = 

0.038). 

 

Figure 5  Hospitalization curve according to fibrinogen-erythrocyte (un)binding 

forces. AFM-determined fibrinogen-erythrocyte (un)binding forces above the median 

(52.37 pN) were associated with the hospitalization curve (log rank p = 0.038) and 

tendency to higher risk of hospitalization (HR = 6.85; 95% CI 0.82-56.9; p = 0.075). The 

time-to-event data analyses included Kaplan-Meier representations with the log-rank test 

and the Cox regression for hazard risk determination. 

 

We have shown that the fibrinogen-erythrocyte interaction, as characterized by 

AFM-based force spectroscopy, is modified in heart failure patients. Moreover, 

fibrinogen-erythrocyte binding forces have been shown to be associated with a patient’s 
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clinical outcome: those with higher AFM-measured fibrinogen-erythrocyte binding forces 

presented a higher probability of cardiovascular disease-associated hospitalization during 

the subsequent 12-months clinical follow-up period. This result highlights the importance 

of the fibrinogen-erythrocyte interaction in CHF patients and identifies a possible 

subgroup of patients at higher risk. The AFM-based methodology presented here has 

proven to be a promising nanotool to evaluate changes in the interaction between 

fibrinogen and human blood cells, pinpointing patients with increased cardiovascular risk. 

Fibrinogen-erythrocyte binding forces, measured at the single-molecule level are thus a 

potential biomarker for CHF severity and may eventually be used also for the risk 

assessment of other cardiovascular diseases. However, this is a pilot study, with a 

relatively small number of patients. Studies with a larger number of patients should be 

encouraged to further confirm these findings before translating them for clinical 

application. 
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Methods 
 

Study participants 

Thirty patients with heart failure were enrolled in the study. Patients were in 

ambulatory care, with stable CHF, and were receiving optimized medical therapy 

according to the European Society of Cardiology (ESC) guidelines28. As interaction 

between heart failure etiology and the experimental variables under evaluation could be 

expected, an effort was made to include patients with ischemic and non-ischemic etiology 

in a 1:1 ratio. Inclusion criteria were CHF outpatients, systolic dysfunction (left ventricular 

ejection fraction ≤40%), functional classification according to the New York Heart 

Association (NHYA) on class II or III, and no recent hospitalization (>3 months). 

Additionally, a control group of 15 healthy donors was also included in the study, 

following a protocol with the Portuguese Blood Institute (IPS, Lisbon).  

Clinical profiles were collected thoroughly. The clinical follow-up was 12 months-

long. The evaluated outcome was cardiovascular-related hospitalization. A structured 

questionnaire for the description of events was used and the circumstances of the 

incident were determined from the hospital records and/or interviews with relatives. 

Blood from healthy donors or CHF patients was obtained, with their previous 

written informed consent, at IPS or Hospital Pulido Valente (Lisbon), respectively. This 

study was approved by the joint Ethics Committee of Faculdade de Medicina da 

Universidade de Lisboa and Centro Hospitalar Lisboa Norte. All the study was conducted 

with double blinding between the clinicians and researchers conducting the laboratorial 

measurements. 

 

Erythrocyte isolation and preparation for AFM measurements 

For erythrocyte isolation, blood was centrifuged at 3000 rpm for 10 min at 10ºC. 

Plasma and buffy-coat were removed and the erythrocytes washed three times with 

buffered saline glucose citrate (BSGC: 1.6 mM KH2PO4, 8.6 mM Na2HPO4, 120 mM NaCl, 

13.6 mM sodium citrate, 11.1 mM glucose) pH 7.3, supplemented with 1 mM calcium 

chloride. Erythrocytes were diluted to 0.1% hematocrit on the same buffer and placed on 

a clean poly-L-lysine-coated glass slide. Cells were firmly attached to poly-L-lysine coated 
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glass slide after 30 min of deposition, at room temperature. Non-adherent cells were 

removed by sequential washes with buffer, loaded into the atomic force microscope and 

allowed to equilibrate in this buffer for 15 min before force spectroscopy measurements. 

No cell fixation was involved in sample preparation. 

 

AFM tip functionalization 

For the covalent attachment of fibrinogen molecules to the AFM tips, we used our 

previously optimized procedure15. Briefly, UV light-cleaned OMCL TR-400-type silicon 

nitride tips (Olympus, Tokyo, Japan) were silanized in a vacuum chamber with 3-

aminopropyl-triethoxysilane (APTES) for 1 h in an argon atmosphere. Then, the AFM tips 

were treated with a glutaraldehyde solution 2.5% (vol/vol) for 20 min. Finally, tips were 

placed in 1 mg/ml human purified fibrinogen (Sigma) for 30 min and immediately 

mounted on the AFM for the force spectroscopy experiments. 

 

AFM-based force spectroscopy 

AFM studies were conducted using a force spectroscopy methodology15, 16, 17. After 

covalently attaching fibrinogen molecules to the AFM tip (probe), we used it to tap on the 

surface of the erythrocytes (Fig. 1a), measuring the frequency or probability of binding, 

and the force necessary to break those bonds. AFM studies were performed on a 

NanoWizard II atomic force microscope (JPK Instruments, Berlin, Germany) mounted on 

an Axiovert 200 inverted optical microscope (Zeiss, Jena, Germany). The AFM head was 

equipped with a 15-µm z-range linearized piezoelectric scanner and an infrared laser. 

Force spectroscopy measurements were performed in liquid environment, using the 

softest triangular cantilevers, with a tip radius of 15 nm and a resonant frequency of 11 

kHz in air, or approximately 3 kHz in solution. The spring constants of the cantilevers were 

calibrated by the thermal fluctuation method29, yielding values of 21 ± 9 mN/m. The 

applied force was adjusted to maintain a force of 0.8 nN before retraction. Data was 

collected at 2 µm/s for each force-distance cycle. By measuring the average slope of the 

retraction traces of the force measurements (Fig. 1c), we determined the effective spring 

constant of the cell-cantilever system (ks)
30, 31, 32, 33, yielding 2.9 ± 1.1 mN/m. Thus, by 
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multiplying the effective spring constant by the cantilever retraction rate we could obtain 

the loading rates for each force spectroscopy experiment, on each group. Thus, 

experiments were conducted at a loading rate of 3.96 ± 3.38 nN/s for the control group, 

5.60 ± 4.24 nN/s for the non-ischemic group, and 5.36 ± 4.5 nN/s for the ischemic group 

(values in mean ± SD; see Supplementary Fig. 5, on the Supplementary Information). The 

differences between these ranges are not statistically significant. After positioning the 

cantilever on top of a single cell, with the help of a charge coupled device camera, AFM 

force mapping height images were recorded (Fig. 1b). Molecular recognition was 

searched by intermittently pressing the cantilevers on a point on the periphery of each 

cell adsorbed on the glass slide. 

Force curves were analyzed using JPK image processing software v. 4.2.61. For each 

blood sample, approximately 3750 force vs. distance curves were collected, analyzed and 

adjusted by polynomial fit. Data were collected from 25 different erythrocytes on each 

sample and with different functionalized tips. All results from the patients were matched 

with those obtained with blood samples from healthy donors. Histograms of the 

unbinding forces for each studied group were constructed choosing the ideal bin size to 

achieve the best fitted Gaussian model peak forces. Binning size was fixed at 8 pN. Force 

rupture values up to 10 pN were considered to represent noise or artifacts. As we 

confirmed the specificity of the binding for force values above 25 pN (Supplementary Fig. 

1), those between 10 and 25 pN were considered to be due to unspecific interactions. 

From each histogram, the single fibrinogen molecule rupture force can be determined by 

fitting the distributions of the rupture forces with the Gaussian model. In parallel, average 

rupture forces were also calculated from the binding data, obtained on the different cells 

tested for each patient or healthy donor. Rupture force values are defined as the force 

necessary to break the bond between a single molecule of fibrinogen and its cell receptor. 

All the interactions between fibrinogen and erythrocytes were studied at room 

temperature in physiological buffer. The AFM laboratory was strictly maintained between 

23 and 25ºC. Small variations in temperature on this range did not affect the force 

spectroscopy measurements, even after a long period of experiments. As controls for tip 

modification, measurements with tips at the different steps of their functionalization 

process (including non-functionalized tips) were conducted on glass slides, with and 

without poly-L-lysine, and on blood cells15. 
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Following a previously established procedure21, blocking experiments with 

antibodies against different integrins were performed in order to complement the 

identification of the fibrinogen receptor on erythrocytes and further confirm the 

specificity of the binding interactions between fibrinogen and its erythrocyte membrane 

receptor (Supplementary Fig. 1). 

 

Cell elasticity analysis 

Differences in erythrocyte elasticity between the studied patients (non-ischemic 

and ischemic) and control groups were evaluated by analyzing in parallel the approach 

curves of the previously described force spectroscopy measurements (Supplementary 

Fig.2). Data were analyzed to obtain the cells Young’s modulus (E), using JPK Image 

Processing v. 4.2.53, by applying the Hertzian model, with a fixed tip-sample separation 

between -200 and 200 nm. Values of AFM tip penetration depth onto erythrocytes were 

also obtained (Supplementary Fig. 2).  

 

Hematologic profile 

Quantitative analysis of the hemogram of the blood samples of CHF patients and 

healthy donors were done by using a PocH-100iV equipment (Sysmex, Japan).  

 

Whole blood viscosity 

Whole blood viscosity was measured using a Brookfield DV-II viscometer (Brookfield 

Engineering Laboratories, MA, USA). Measurements were done both using native blood 

samples and samples with hematocrit adjusted to 45%, at 37°C, submitting the samples to 

both low (22.5 s−1) and high (225 s−1) shear rates. 

 

Erythrocyte deformability 

Erythrocyte deformability was assessed at 22ºC, using a Rheodyn SSD laser 

diffractometer (Myrenne, Roetgen, Germany), and presented as erythrocyte elongation 

indexes (EEIs). The diffraction pattern was analyzed at eight shear stress values, between 
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0.30 and 60.0 Pa. EEIs were calculated using the light intensities of the diffraction 

pattern27. 

 

Statistical Analysis 

Descriptive statistics are given as mean ± standard error of mean (SEM), frequency 

and median (interquartile range, IQR). For every variable, all samples were tested against 

control group. Unpaired Student’s t-test was used for statistical analysis of intergroup 

comparison. One-way analysis of vairance followed by a Dunnett post-test were used for 

multiple comparisons on data from CHF patients versus control. For non-Gaussian 

variables, the corresponding non-parametric methods were used, such as the Mann-

Whitney U test when performing two group comparisons and the Spearman correlation 

test. Linear regression analyses to evaluate the relation between whole blood viscosity 

and AFM data (binding force or frequency) were also performed (Supplementary Fig. 3). 

Categorical variables were compared using the χ2 and Fisher’s exact tests with the 

odds-ratio (OR) calculation. The accuracy for predicting the endpoint (hospitalization) was 

determined by the area under the receiver operating characteristic (ROC) curve, for the 

significant continuous variables. The optimal cutoff value used for AFM was the median. 

The time-to-event data analyses included Kaplan-Meier representations with the log-rank 

test and the Cox regression for hazard risk determination, with the calculation of hazard 

ratios (HRs) and 95% confidence intervals (CI). Statistical significance was set at p<0.05. 

Statistical analyses were performed using GraphPad Prism 5 and SPSS v. 22.0. 
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Biomedical Relevance 

Cardiovascular diseases are the leading cause of death worldwide, being 

responsible for approximately 30% of the total number of human losses1. Chronic heart 

failure (CHF), a complex clinical cardiovascular syndrome, is characterized by the heart 

failing to pump enough blood with the right pressure2, 3. Ischemic cardiomyopathy is the 

most common cause of heart failure in industrialized countries4. The prognosis and 

response to treatment of patients with ischemic heart failure are worse than in patients 

with a non-ischemic etiology5. The term “non-ischemic heart failure” includes different 

subgroups, such as hypertensive heart disease, myocarditis and cardiac dysfunction due 

to rapid atrial fibrillation, which may be reversible5.  

Establishing the diagnostic, extent, and severity of cardiovascular diseases, as well 

as determining the potential risk of cardiovascular events are crucial steps toward 

improving patient outcomes. The most common non-invasive tests and procedures used 

to evaluate CHF are reported on the Guidelines for the Evaluation and Management of 

Heart Failure6, and include electrocardiogram, chest radiograph and transthoracic 

Doppler–two-dimensional echocardiogram, among others. Although these methods are 

well established within the daily clinical practice, none of them assesses changes at the 

cellular and molecular levels. The development of new methods to detect early molecular 
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changes in different tissues, or changes in normal blood flow before clinical symptoms 

appear, without invasive intervention, is therefore very important in clinical diagnosis and 

prognosis. Some methods proved to be effective in detecting local changes, by 

quantitatively evaluating them (e.g., contrast-enhanced ultrasound) or imaging molecule-

associated endothelial activation (e.g., early detection of atherosclerotic lesions7). Other 

methods such as positron emission tomography imaging (PET), computer tomography, 

magnetic resonance imaging (MRI) or electron microscopy are extremely expensive and 

require complex sample preparation, modification and handling8. 

The development of new pharmacologic therapies, surgical cardiovascular 

procedures and mechanical circulatory support devices to treat heart failure has slowed 

down the increase in CHF-associated mortality9. However, the availability of biomarkers 

to evaluate risk in this disease is still limited10. A better understanding of the molecular 

mechanisms underlying the interaction between fibrinogen and erythrocytes in CHF 

patients may be important for eventual future drug interventions to reduce aggregation 

and enhance microcirculatory flow conditions. 
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Supplementary Methods 

 

Fibrinogen-erythrocyte binding inhibition studies 

As controls for this experimental approach, the interaction between fibrinogen and 

its integrin receptor on erythrocytes, assessed by AFM, was found to be inhibited by the 

absence of calcium ions (essential for the activity of the receptor), and by the presence of 

eptifibatide, a molecule used in hospital settings to inhibit fibrinogen-platelet binding, 

which we previously demonstrated to be also able to inhibit fibrinogen-erythrocyte 

binding11. 

Additionally, in order to further assess the specificity of the binding between 

fibrinogen and its erythrocyte membrane receptor, as well as to complete its 

identification, we measured the inhibition of the fibrinogen-erythrocyte interaction in the 

presence of two mouse anti-human antibodies: anti-αv (clone NKI-M9; Biolegend, San 

Diego, CA, USA) and anti-αvβ3 integrins (clone 23C6; eBioscience Inc., San Diego, CA, USA), 

following a previously established procedure12. The effects of the two antibodies were 

evaluated by AFM-based force spectroscopy after incubating the erythrocytes at two 

different antibody concentrations (10 and 25 g/ml), for 1 h, at room temperature. As a 

negative control for the antibodies blocking experiments, the effect of an isotype 

matched non-integrin antibody was also tested (normal mouse IgG serum, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA). 

 

Erythrocyte elasticity 

Force spectroscopy data were analyzed to obtain the cells Young’s modulus (E), 

using JPK Image Processing v. 4.2.53, by the application of the Hertzian model. The model 

was applied to all force curves obtained from non-ischemic and ischemic CHF patients and 

controls, with a fixed tip-sample separation between -200 and 200 nm. The probe was 

modeled as a quadratic pyramid, with a tip angle of 35° (half-angle to face) and a Poisson 

ration of 0.50. Young’s modulus histograms were constructed for each experimental 

condition studied. The ideal histogram bin size was chosen in order to achieve the best 

fitted Gaussian model peak length, yielding a selected binning size of 0.1 kPa. The 

maximum values of the Gaussian peaks represent different statistical measure of the 
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Young’s modulus of the cells. Values of the mean ± standard deviation and median of 

each group were also taken into consideration.  

AFM tip penetration depth onto erythrocytes was also evaluated. This parameter is 

analyzed by the position of the maximal movement of the piezo sensor in the z-axis, 

which corresponds to the z-axis coordinate when the sensor reaches an indentation force 

of 800 pN, subtracting the z-axis position of the sensor when the tip begins the contact 

with the surface of the erythrocyte. Statistical significance was determined with pair-wise 

comparisons made with Student’s t-test to compare the cells datasets, using a 5% 

confidence interval. Statistical analysis was carried out using the Graphpad Prism 

software v. 5.0. 
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Supplementary Results 

 

Fibrinogen-erythrocyte binding inhibition studies 

As shown in Supplementary Fig. 1, the percentage of inhibition of fibrinogen-

erythrocyte binding induced by 10 μg/ml anti-αv was 24.6%, a value higher than the 

percentage of inhibition achieved for the same concentration of anti-αvβ3 antibody. At 

higher antibody concentrations, the difference between the levels of inhibition of 

fibrinogen-erythrocyte binding observed for both antibodies becomes even more evident 

(54.4% vs. 13.9% for anti-αv and anti-αvβ3, respectively). Inhibition is concomitant with a 

significant reduction of the stronger binding events, especially in the presence of the anti-

αvβ3 integrin antibody, remaining mainly the interactions with lower (un)binding forces. 

No detectable binding inhibition or binding force reduction were observed in the 

presence of 25 μg/ml isotype-matched non-integrin antibody (negative control), further 

confirming the specificity of the interaction between fibrinogen and the erythrocyte 

membrane.  
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Supplementary Figure 1  Inhibition of the binding between the fibrinogen protein 

and erythrocyte receptor by antibodies against αv and αvβ3 integrins. (a) Average 

fibrinogen-erythrocyte binding rupture forces and (b) percentage of fibrinogen-

erythrocyte binding inhibition (decrease on the binding frequency) in the presence of 

specific antibodies against αv integrin (grey circles), αvβ3 integrin (black squares), and a 

negative control with an isotype-matched non-integrin antibody (black triangle). Antibody 

concentrations were 10 and 25 μg/mL, in BSGC buffer with CaCl2 1 mM. 

 

Cell elasticity 

In an effort to understand why the AFM data show that CHF patients (especially 

ischemic patients) have significantly increased fibrinogen-erythrocyte binding forces, we 

analyzed the erythrocyte elasticity parameters of the same samples. With this purpose, all 

force spectroscopy data were analyzed in order to determine the Young’s modulus and 
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the penetration depth for each force-distance curve. The results obtained are presented 

in Supplementary Fig. 2. Young’s modulus data of each group are presented in a relative 

frequency histogram (Supplementary Fig. 2a). Gaussian polynomial fit was applied, but 

the results could not be accurately compared between groups because the fitting does no 

converge for the control group. Comparing just the values of the mean ± SEM and median 

for each group, for the control group we obtained values of 1205 ± 14.2 Pa and 390.1 Pa, 

respectively. As for the non-ischemic CHF group, the values obtained were 1248 ± 10.8 Pa 

and 743.4 Pa. Finally, the results for ischemic CHF patients were 1142 ± 10.8 Pa and 568.5 

Pa. These variations were only statistically significant for the median, in which we 

observed an increased cell stiffness (or decreased elasticity) on both groups of CHF 

patients, with the larger variation being observed for the non-ischemic patients. 

On the assessment of erythrocyte stiffness variations between healthy and CHF 

patients, AFM tip penetration depth was also determined (Supplementary Fig. 2b). This 

parameter allows one to evaluate the capacity of the erythrocytes to deform. Data show 

that the mean penetration depth on erythrocytes from ischemic CHF patients was 323.6 

nm, which is significantly higher than the mean penetration depth determined for the 

non-ischemic CHF patients (263.9 nm; p < 0.001) and control group (258.7 nm; p < 0.001). 

With these results we could conclude that CHF patients (mainly ischemic ones) have 

erythrocytes much more capable to deform than those from healthy donors.  

 

 

Supplementary Figure 2  Erythrocyte stiffness studies. (a) Histograms of the 

distribution of the Young’s modulus values obtained from the non-ischemic (green) and 

ischemic (red) CHF patients, and for the control group (blue). (b) AFM tip penetration 
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depth onto erythrocytes, for an applied force of 800 pN. The + symbol indicates the 

average value of penetration depth for each group. * p = 0.022; *** p < 0.0001. 

 

Linear regression analysis between whole blood viscosity and AFM data 

Trying to understand how the interactions between fibrinogen molecules and its 

erythrocyte membrane receptor could affect whole blood viscosity of each patients’ 

group, data obtained for each parameter were compared. After performing linear 

regression analysis, we could only observe a statistically significant relation between 

blood viscosity and the average fibrinogen-erythrocyte (un)binding force for the non-

ischemic group (p = 0.042; r = 0.53). 

                                                                                                                                                                    

 

Supplementary Figure 3  Relation between AFM data and whole blood viscosity 

data. Linear regression analysis between fibrinogen-erythrocyte average binding force (a, 

b) or binding frequency (c, d) and whole blood viscosity. Data shown are from ischemic (a, 

c) and non-ischemic (b, d) CHF patients. Linear regression was performed with a 

confidence interval of 95%. Only for non-ischemic CHF patients a statistically significant 

relation between whole blood viscosity and binding force was observed (* p = 0.042). No 

relation between whole blood viscosity and fibrinogen-erythrocyte binding frequency was 

observed. 
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Linear regression analysis between whole blood viscosity and total plasma 

fibrinogen 

We performed a linear regression analysis in order to know the relation between 

whole blood viscosity and the total plasma fibrinogen levels. At hematocrit 45% and a 

high shear rate, a positive relation between the whole blood viscosity and fibrinogen data 

of CHF patients was observed (r = 0.428, p = 0.021). 

 

Supplementary Figure 4  Relation between whole blood viscosity data and total 

plasma fibrinogen. Linear regression analysis was performed between whole blood 

viscosity (at 45% of hematocrit and at high shear rate) and plasma fibrinogen for CHF 

patients. Linear regression was done with a confidence interval of 95%. A statistically 

significant relation was observed (r = 0.428, p = 0.021). 

 

Dynamic force spectroscopy analysis  

Upon analyzing force spectroscopy data, beyond determining the values of the 

unbinding force and the frequency of the fibrinogen-erythrocyte interaction, it is 

important to evaluate the influence of the loading rate during experiments on each of the 

three studied groups. Supplementary Fig. 4a shows the variation of the loading rates 

determined for each group. The loading rates values (mean ± SD) were 3959 ± 3380 pN/s 

for the control group, 5604 ± 4239 pN/s for the non-ischemic group and 5358 ± 4515 pN/s 

for the ischemic group. These differences were not statistically significant, as determined 

by One-way ANOVA followed by a Dunnett’s post-test. 
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Supplementary Figure 5  Dynamic force spectroscopy analysis of the interaction 

between fibrinogen and erythrocytes from the control, non-ischemic and ischemic 

groups. (a) Distribution of the loading rates of the three studied groups. Plots of box and 

whiskers indicating the mean values and distribution of the loading rate. The whiskers 

indicate the variation of the minimum to the maximum loading rate value. (b) The most 

probable unbinding forces were plotted against the logarithm of the loading rate of the 

control (blue line), non-ischemic (green line) and ischemic (red line) groups. Lines are the 

results of a non-linear least-squares regression fitting. (c) Distribution of all data of force 

vs. logarithm of the loading rate for the three studied groups. 

 

We also looked at the unbinding force vs. loading rate pairs for each curve 

separately, for each sample on the control, non-ischemic CHF and ischemic CHF groups. 

The most probable unbinding forces were plotted against the logarithm of the loading 

rate (Supplementary Fig. 5b). It can be observed that the three groups have similar ranges 

of loading rates. The differences observed were at the level of the unbinding force. We 

performed a regression analysis for each set and obtained a slope of 20.9  7.9 (r2 = 

0.366) for the control group, 26.4  14.7 (r2 = 0.212) for the non-ischemic CHF group, and 
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34.8  27.4 (r2 = 0.119) for the ischemic CHF group. Lines are almost parallel. There were 

no statistically significant differences on their slopes. Unbinding forces increase with the 

loading rate on each group, but the variations of the unbinding force between each group 

is not dependent on the loading rate. For this study we considered all the force curves, 

with values of loading rates between 1000 and 10 000 pN/s. 

The distribution of the force vs. loading rate for the three studied groups is 

presented on Supplementary Fig. 5c. By the distribution of all points of unbinding force 

vs. logarithm of the loading rate, we could observe that increasing the loading rate leads 

to an increase of the unbinding force. The majority of the values are distributed between 

20 and 200 pN of unbinding force and 103 to 104 pN/s of loading rate.  
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Chapter VI ▫ 

Fibrinogen-erythrocyte binding in 

essential arterial hypertension 
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Overview 
 

In this Chapter, we tryed to understand how the interactions between fibrinogen 

and its specific erythrocyte membrane receptor are altered on patients with essential 

arterial hypertension (EAH). Hypertension is a very important public health challenge. Its 

complications include cardiovascular, cerebrovascular and renal diseases. All the clinical 

information and routine evaluation of the patients enrolled in this study was obtained 

and performed by clinicians from Serviço de Medicina I, Hospital de Santa Maria (Centro 

Hospitalar Lisboa Norte). Force spectroscopy measurements were complemented by 

hemorheological parameters assessement. Our findings evidenced that the interaction 

between fibrinogen and erythrocyte is increased on EAH patients, which could be an 

important cardiovascular risk factor to be considered in the future. Our data lead us to 

hypothesize that the increased fibrinogen adhesion to the erythrocytes from EAH patients 

and alterations on their cells elasticity may lead to changes on the whole blood flow. The 

changes revealed on the hemorheological parameters of these patients could also 

contribute for their blood flow perturbations. 

Further details are described in the supplementary information of this manuscript. 

 

 

This work was mainly done at Instituto de Medicina Molecular, Faculdade de 

Medicina, Universidade de Lisboa, but also at Hospital Santa Maria, Centro Hospitalar 

Lisboa Norte. 
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Abstract 
 

Aims: Some studies have reported a positive association between plasma fibrinogen 

levels, erythrocyte aggregation and essential arterial hypertension (EAH). The aim of this 

study was to understand how the interaction between fibrinogen and its erythrocyte 

membrane receptor are altered on EAH.  

Methods and Results: EAH patients (n = 31) and healthy blood donors (n = 65) were 

enrolled in the study. EAH patients, were therapeutically controlled for the disease, 

presenting systolic blood pressure between 108 and 180 mm Hg and diastolic blood 

pressure between 66 and 123 mm Hg, and. Clinical evaluation included blood pressure 

monitoring, electrocardiography, echocardiography and blood cell count. The 

hemorheological parameters, namely, erythrocyte aggregation, whole blood viscosity and 

erythrocyte deformability were also analyzed. Fibrinogen-erythrocyte binding force and 

frequency were evaluated quantitatively, at the single-molecule level, using atomic force 

microscopy (AFM)-based force spectroscopy. Changes on erythrocyte elasticity were also 

evaluated. Force spectroscopy data showed that the average fibrinogen-erythrocyte 

binding forces increase from 40.4 ± 3.0 pN in healthy donors to 73.8 ± 8.1 pN in patients 

with EAH, despite a lower binding frequency for patients, comparing to the control group 

(7.9 ± 1.6% vs. 27.6 ± 4.2%, respectively). Elasticity studies revealed an increase of 

erythrocyte stiffness on the patients. 

Conclusions: The stronger fibrinogen binding to erythrocytes from EAH patients and 

alteration on cells elasticity may lead to changes on the whole blood flow. The patients’ 

altered hemorheological parameters may also contribute for this blood flow 

perturbations. The transient bridging of two erythrocytes, by the simultaneous binding of 

fibrinogen to both of them, promoting erythrocyte aggregation, could represent an 

important cardiovascular risk factor. 

 

 

Keywords: fibrinogen, erythrocyte, erythrocyte aggregation, cardiovascular risk, 

biomarker. 
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Introduction 
 

Essential hypertension is the world's most prevalent cardiovascular disorder, 

affecting approximately 26% of the worldwide population and still rising 1. From this 

prevalence, it is evident that hypertension is a very important public health challenge. Its 

complications, including cardiovascular, cerebrovascular and renal diseases are the major 

causes of morbidity and mortality 2, 3.  

Hypertension, defined as a systolic blood pressure ≥140 mmHg and/or a diastolic 

pressure ≥90 mmHg, is due to specific causes in a small fraction of cases, but in the vast 

majority of individuals (>90%) its etiology cannot be determined. Therefore, the essential 

or primary hypertension term is used 1, 2, 4. Essential hypertension is currently understood 

as a multifactorial disease arising from the combined action of many genetic, 

environmental and behavioral factors. It results from a failure on the compensatory 

mechanisms to counteract the perturbation of blood pressure homeostasis 5. Clinical 

trials have demonstrated that lowering blood pressure reduces incidence of and death 

from cardiovascular diseases 6, 7. 

Many pathophysiologic factors have been implicated in the genesis of essential 

hypertension 4, 8, 9, such as obesity, insulin resistance, high alcohol intake, high salt intake, 

sedentary lifestyle, stress, overproduction of sodium-retaining hormones and 

vasoconstrictors, increased vascular growth factors activity, dyslipidemia, alterations in 

adrenergic receptors that influence heart rate, and low potassium or calcium intake 4, 8. 

Although several factors clearly contribute to the pathogenesis and maintenance of blood 

pressure elevation, our understanding of the underlying causal mechanism behind the 

pathology remains somewhat unclear. 

Some studies reported that elevated plasma fibrinogen levels in patients with 

essential hypertension are related to vascular complications 10. Moreover, the results of 

the Leigh study11, in which hypertensive patients with plasma fibrinogen above 3.5 g/L 

had a 12-fold higher coronary risk than those with fibrinogen below 2.9 g/L, suggest that 

fibrinogen levels may affect the clinical prognosis in hypertension. Furthermore, high 

plasma fibrinogen concentrations have been shown to predict cardiovascular diseases, 
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incidence of cardiovascular events, and increased mortality from cardiovascular diseases 

12, 13, 14.  

The role of plasma fibrinogen, a key on inflammation processes, as a cardiovascular 

risk factor still remains controversial 15, 16, 17. Erythrocytes were thought to be 

incorporated into venous thrombi via passive trapping in the growing fibrin network, 

culminating in the production of erythrocytes and fibrin-rich venous thrombus 18. Little 

was known about mechanisms regulating the interaction between fibrinogen and 

erythrocytes, or how fibrinogen and these cells interact, contributing to venous thrombus 

size or resolution. Our group reported the existence of an interaction between fibrinogen 

and an erythrocyte receptor 19, 20, which binding was greater in cardiovascular patients, 

namely in chronic heart failure patients, than in healthy donors 21. Using atomic force 

microscopy (AFM), we also showed that fibrinogen has an important role on erythrocyte 

aggregation, as increasing fibrinogen levels, erythrocyte-erythrocyte adhesion also 

increases 22. The simultaneous binding of fibrinogen to receptors on two different 

erythrocytes may transiently bridge these cells, increasing blood viscosity at the 

microcirculatory level, impairing a proper blood flow and increasing cardiovascular risk 19, 

20, 21. 

Several studies have already addressed the correlation between cardiovascular and 

hemostatic balance 23, 24; however, only a few of them were focused on hypertensive 

patients. Some hemorheological findings in essential hypertension are: increased 

hematocrit, plasma fibrinogen, plasma and whole blood viscosity, and erythrocyte 

aggregability, as well as impaired erythrocyte deformability 25, leading to impaired 

hemodynamic profiles both at the macro and microcirculation levels 26, 27, ultimately 

promoting inflammation and atherosclerotic plaque formation 28. 

In recent years, essential arterial hypertension still presents a high mortality, 

associated with high risk of cardiovascular diseases. Therefore, early diagnosis and 

prognostic stratification seem to be of paramount importance in order to choose the best 

therapeutic strategies. Although much progress has been made for cardiovascular 

diseases in diagnosis, treatment and prognosis during the past two decades, there is still a 

clinical need for novel prognosis biomarkers and therapeutic interventions to decrease 

cardiovascular disease incidence. On this study, we evaluated the relevance of fibrinogen-
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erythrocyte binding and hemorheological parameters on the risk assessment of essential 

arterial hypertension patients. 
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Methods 
 

Study participants 

A total of thirty-one patients with essential arterial hypertension (EAH) were 

included in the study. Patients were stable in ambulatory and with optimized standard 

medical therapy according to the European Society of Hypertension (ECS) guidelines 29. 

The inclusion criteria were hypertensive patients consecutive examined on the 

Hypertension Centre of Hospital de Santa Maria (CHLN, Lisbon), taking calcium channels 

antagonists (ACC), angiotensin converting enzyme (ACE) inhibitors / angiotensin receptor 

antagonists (ARA), Beta-blockers (BB), aspirin or, in some cases, one statin. The patients 

included in the study were not taking any other antiaggregant drug beside aspirin. 

Exclusion criteria were: severe renal damage, defined as glomerular filtration rate (eGFR) 

below 30 ml/min, diabetes mellitus type I or II, heart failure NYHA (New York Heart 

Association functional classification) III or IV or left ventricular ejection fraction (LVEF) 

below 40%, liver failure, cancer or other systemic severe disease. 

Clinical profiles were thoroughly collected. Each participant gave their previous 

informed consent and all clinical research has been conducted according to the principles 

expressed in the Declaration of Helsinki. This study was approved by the joint Ethics 

Committee of Centro Académico de Medicina de Lisboa (CAML, Faculdade de Medicina da 

Universidade de Lisboa and Centro Hospitalar Lisboa Norte).  

A control group of 65 healthy donors was included in the study, following a protocol 

with the Portuguese Blood Institute (IPS, Lisbon). Controls did not have any known 

concomitant disease. 

 

Measurements and definitions 

Blood pressure (BP) was measured following indications of the European Society of 

Hypertension (ESH) and European Society of Cardiology (ESC) guidelines 30, 31, using 

validated mercury-free digital sphygmomanometers (OMRON 705CP-II, OMRON 

Healthcare, Lake Forest, IL, USA) with appropriate cuff size. The average of three 

consecutive measurements was used for the analysis. Controlled BP was defined as 

systolic BP (SBP) < 140 mmHg and diastolic BP (DBP) < 90 mmHg. In all patients, 24-hour 
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ambulatory blood pressure measurements (model 90207, Spacelabs Healthcare, 

Snoqualmie, WA, USA) were also taken and analysed as previously described 32. The aortic 

central pressure and pulse wave velocity measurement by tomography were also 

performed. 

Blood samples for measurements of plasma fasting glucose, total, LDL and HDL 

cholesterol, triglycerides and creatinine, as well as first morning urine specimens to 

determine albumin creatinine ratio (ACR) were obtained.  

 

Ambulatory blood pressure monitoring 

Ambulatory blood pressure monitoring (ABPM) was performed during 24 h on a day 

of standard activity, with an adequate cuff for the size of the patient’s arm. A control 

system, validated according to the protocol of the British Hypertension Society, was used 

33. The records of readings considered to be valid were ≥ 80% of the total. The monitor 

was programmed for obtaining blood pressure measurements every 20 min during the 

waking period and every 30 min during the resting period. Individual correction was made 

for the waking and sleeping hours reported by the patient. 

 

Echocardiography  

Left ventricular dimensions were measured by echocardiography (model SSA - 370 

A, Toshiba, Hyogo, Japan) following the American Society of Echocardiography 

recommendations 34. For each patient, the following measurements were taken: end-

diastolic and end-systolic interventricular septum thickness (IVSD and IVSS, respectively), 

posterior wall thickness (PWD and PWS, respectively), left ventricular diameters (LVDD 

and LVDS, respectively) and left atrial diameter (LAD). Left ventricular mass (LVM) was 

calculated (M-mode tracings under two-dimensional control, left parasternal short axis 

view, mean of three cardiac cycles) by using the Devereux’s formula 35 and indexed by 

either body surface area (LVMi) 36 . In overweight or obese patients, LVH was defined 

according with recommendations 37. Myocardial relative wall thickness (RWT) was also 

calculated 38
, as well LVEF (LV end-diastolic area – LV end-systolic area)/ LV end-diastolic 

area (two dimensional apical four chambers view, mean of three cardiac cycles) 39. 
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Erythrocyte isolation and preparation for AFM measurements 

Blood was centrifuged at 200 × g for 10 min. For erythrocyte isolation, plasma and 

buffy-coat were removed and the erythrocytes washed three times with buffered saline 

glucose citrate (BSGC: 1.6 mM KH2PO4, 8.6 mM Na2HPO4, 0.12 M NaCl, 13.6 mM sodium 

citrate, 11.1 mM glucose) pH 7.3, supplemented with 1 mM calcium chloride. Then, 

erythrocytes were diluted to 0.1% hematocrit on the same buffer and placed on a clean 

poly-L-lysine-coated glass slide.  

 

AFM tip functionalization 

For the covalent attachment of fibrinogen molecules to the AFM tips, we used our 

previously optimized procedure 19. Briefly, AFM OMCL TR-400-type silicon nitride tips 

(Olympus, Tokyo, Japan) were cleaned with an intense ultraviolet light source and were 

silanized with 3-aminopropyl-triethoxysilane (APTES, 30 µl) and N,N-

diisopropylethylamine (10 µl) to be coated with a self-assembly monolayer of amines. 

Then, the AFM tips were rinsed with fresh chloroform and dried under nitrogen gas. The 

probes were placed in a glutaraldehyde solution 2.5% (v/v). Finally, tips were placed in 1 

mg/ml human fibrinogen (Sigma Aldrich, USA) to attach the fibrinogen molecules to the 

AFM tip. 

 

AFM-based force spectroscopy 

AFM studies were conducted using a force spectroscopy methodology previously 

described by us 19, 20, 40. After covalently attaching fibrinogen molecules to the AFM tip 

(probe), we used it to tap on the surface of the erythrocytes, measuring the frequency or 

probability of binding and the force necessary to break those bonds. All the interactions 

between fibrinogen and erythrocytes were studied at room temperature, in physiological 

buffer (BSGC + CaCl2). AFM studies were performed on a NanoWizard II atomic force 

microscope (JPK Instruments, Germany) mounted on an Axiovert 200 inverted optical 

microscope (Zeiss, Germany). Cantilevers with a nominal spring constant of 

approximately 0.02 N/m were used after their calibration using the thermal fluctuation 

method 41. The applied force was adjusted to 0.8 nN, before retraction. Data collection 

for each force-distance cycle was performed at 3 µm/s, leading to an average loading rate 

of approximately 9 nN/s. Force-curves were analyzed using JPK image processing 
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software v. 4.2.61. For each blood sample, approximately 3750 force vs. distance curves 

were collected, analyzed and adjusted by polynomial fit.  

All results from the patients were matched with those obtained with blood from 

healthy donors (n=15). Average rupture forces were calculated from the binding data, 

obtained on the different cells tested for each EAH patient (or healthy donor). Rupture 

force values were defined as the force necessary to break the bond between a single 

molecule of fibrinogen and its receptor. 

 

Cell elasticity analysis 

Differences on erythrocyte elasticity between EAH patients and control groups were 

evaluated by analyzing, in parallel, the approach curves of the previously described force 

spectroscopy measurements. Data were analyzed to obtain the cells Young’s modulus (E), 

using JPK Image Processing v. 4.2.53, by applying the Hertzian model, with a fixed tip-

sample separation between -200 and 200 nm. The probe was modeled as a quadratic 

pyramid, with a tip angle of 35° (half-angle to face) and a Poisson ration of 0.50. Young’s 

modulus histograms were constructed for each experimental condition studied. The ideal 

histogram bin size was chosen in order to achieve the best fitted Gaussian model peak 

length, yielding a selected binning size of 0.1 kPa. The maximum values of the Gaussian 

peaks represent different statistical measure of the Young’s modulus of the cells. Values 

of the mean ± standard deviation and median of each group were also taken into 

consideration.  

AFM tip penetration depth onto erythrocytes was also evaluated. This parameter 

was analyzed by the position of the maximal movement of the piezo sensor in the z-axis, 

which corresponds to the z-axis coordinate when the sensor reaches an indentation force 

of 800 pN, subtracting the z-axis position of the sensor when the tip begins the contact 

with the surface of the erythrocyte.  

 

Hematologic profile 

Quantitative analysis of the hemogram of the human blood samples of essential 

arterial hypertension patients and healthy donors were also done by using PocH-100iV 

equipment (Sysmex, Kobe, Japan).  
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Whole blood viscosity 

Whole blood viscosity was measured using a Brookfield DV-II viscometer (Brookfield 

Engineering Laboratories, MA, USA). Measurements were done at 37°C, both using native 

blood samples and samples with hematocrit adjusted to 45%, submitting them to low 

(22.5 s-1) and high (225 s-1) shear rates. 

 

Erythrocyte deformability 

Erythrocyte deformability was assessed at 22°C, using a Rheodyn SSD laser 

diffractometer (Myrenne, Roentgen, Germany). The diffraction pattern was analyzed at 

eight shear stress values, between 0.30 and 60.0 Pa. Erythrocyte elongation indexes (EEI) 

were calculated using the light intensities of the diffraction pattern 42. 

 

Erythrocyte aggregation 

Erythrocyte aggregation (EA) was measured in an erythrocyte aggregometer 

(Myrenne), at 22°C. The MA1 aggregometer consists of a rotative cone-plate 

aggregometer that disperses all pre-existing aggregates by high shear stress (600 Pa), and 

a photometer that determines the extent of aggregation. The intensity of light, exerted by 

a light emitting diode, is measured after transmission through the blood sample using a 

photodiode 43. 

Erythrocyte aggregation was determined with 20 μl of blood sample, in stasis, after 

5 or 10 s of integration time of dispersing the blood sample. To determine the effect of 

fibrinogen concentration on erythrocyte aggregation, measurements were also 

performed in the presence of different fibrinogen concentrations (0 to 80 mg/dl). 

 

Statistical Analysis 

Descriptive statistics are given as mean ± standard error of mean (SEM) and 

frequency. For every parameter studied, EAH patients group was tested against control 

group (healthy donors). Unpaired Student’s t-test was used for statistical analysis of 

intergroup comparison. Statistical significance was set at p<0.05. Statistical analyses were 

performed using GraphPad Prism 5. 
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Results 
 

The baseline characteristics of all randomized participants are summarized in Table 

1. The group was comparable in their demographic, clinical and laboratorial 

characteristics. There was a good balance between women and men on each group. 

Essential arterial hypertension patients (N = 31) and healthy blood donors (N = 65) were 

engaged in the study. Treated EAH patients presented systolic blood pressure between 

108 and 180 mm Hg and diastolic blood pressure between 66 and 123 mm Hg. They were 

overweight and presented high pulse wave velocity. Plasma lactate dehydrogenase (LDH) 

concentration was higher for these patients when compared to reference levels (up to 

190 UI/l). The average of glycated hemoglobin (HbA1c) of the EAH patients population 

was in a range associated to a significant risk for diabetes mellitus. 

 

Table 1  Baseline characteristics of the essential arterial hypertension patients’ 

cohort and relevant demographic, clinical and laboratory data. Values are in mean ± SEM, 

unless stated.  

Demographics 

Number of EAH patients 31 

Age (mean ± SD)  65.1 ± 12.9 

Male/Female (%) 58 / 42 

Height (mean ± SD, cm) 165.1 ± 9.0 

Weight (mean ± SD, kg) 77.9 ± 14.0 

Body mass index (mean ± SD, kg/m2) 28.6 ± 4.4 

Office Arterial Pressure  

SBP (mmHg) 138.7 ± 17.4 

DPB (mmHg) 84.6 ± 10.6 
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Pulse (beats/minute) 54.2 ± 13.8 

Mean arterial pressure (mmHg) 156.8 ± 21.2 

ABPM parameters  

SBP ambulatory (mmHg) 129.8 ± 18.4 

DBP ambulatory (mmHg) 73.5 ± 12.7 

Mean blood pressure ambulatory (mmHg) 93.9 ± 13.6 

Cardiac frequency ambulatory (beats/minute) 69.3 ± 12.7 

Echocardiography parameters  

Endocardial fractional shortening (%) 43.4 ± 9.2 

Septal thickness (mm) 10.9 ± 1.5 

Left ventricular posterior wall thickness (mm) 11.1 ± 1.4 

IVRT (ms) 93.9 ± 16.4 

E/A ratio 1.1 ± 0.5 

Pulse wave analysis   

Pulse wave velocity (m/s) 13.9 ± 4.3 

SBP aortic (mmHg) 138.0 ± 27.1 

DBP aortic (mmHg) 81.6 ± 13.8 

Routine blood tests  

Hemoglobin (mg/dL) 13.9 ± 1.2 

Creatinine (mg/dL) 0.97 ± 0.33 

Sodium (mEq/L) 139.8 ± 2.2 
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Potassium (mEq/L) 4.3 ± 0.4 

Glucose (mg/dL) 106.7 ± 21.5 

HbA1c (%) 5.9 ± 0.7 

ALT (U/L) 22.9 ± 12.5 

γGT(U/L) 40.7 ± 47.3 

Total protein (mg/dL) 7.1 ± 0.5 

Albumin (%) 45.7 ± 24.0 

Gamma globulins (%) 11.0 ± 6.3 

LDH (U/L) 338.0 ± 78.4 

Total Cholesterol (mg/dL) 176.4 ± 33.6 

Triglycerides (mg/dL) 118.3 ± 48.9 

HDL-cholesterol (mg/dL) 54.5 ± 12.4 

LDL-cholesterol (mg/dL) 98.3 ± 29.1 

Abbreviations: EAH - essential arterial hypertension; SBP - systolic blood 

pressure; DBP - diastolic blood pressure; IVRT - isovolumic relaxation time; HbA1c - 

glycated hemoglobin; ALT - alanine aminotransferase; LDH - lactate 

dehydrogenase; GT - -glutamyl transpeptidase. 

 

The fibrinogen-erythrocyte membrane receptor interaction was assessed by atomic 

force microscopy-based force spectroscopy. All the results were matched with those 

obtained for healthy donors (control group, n = 15). Well-defined and measurable 

adhesion forces curves were observed. The cells showed good adherence to poly-L-lysine 

treated glass slides and a typical morphology on the optical microscope images. AFM 

force spectroscopy data are shown in Figure 1. The average binding forces (Figure 1b) and 

frequencies (Figure 1c) were determined for the binding between fibrinogen and 

http://www.bloodwork.com/gamma-glutamyl-transpeptidase-ggt-test.html
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erythrocytes from EAH patients and healthy blood donors. These results showed that the 

average force necessary to break the bond between fibrinogen and erythrocytes 

increases from 40.4 ± 3.0 pN on the control group to 73.8 ± 8.1 pN in EAH patients (p < 

0.0061; Figure 1b). Moreover, we observed a lower binding frequency for EAH patients, 

comparing to the control group (27.6 ± 4.2 % vs. 7.9 ± 1.6 %; p < 0.0001; Figure 1c).  

 

Figure 1  Fibrinogen-erythrocyte interaction measured by atomic force 

microscopy-based force spectroscopy. Examples of retraction curves: Non-adhesion 

(black), healthy donor (green) and EAH patient (blue) AFM cantilever deflections vs. 

distance curves are represented (a). Fibrinogen-erythrocyte binding force (b) and 

(un)binding frequency (c) determined for the control group (healthy donors) and EAH 

patients. ** p = 0.0061; *** p < 0.0001. 

 

In parallel with the analysis of fibrinogen-erythrocyte binding by force spectroscopy 

data of EAH and control groups, we also analyzed the erythrocyte elasticity parameters of 

the same samples. All force spectroscopy data were analyzed in order to determine the 

Young’s modulus and the penetration depth for each force-distance curve. The results 

obtained for Young’s modulus data of both groups are presented in a relative frequency 

histogram (Figure 2a). Gaussian polynomial fit was applied, but the results could not be 
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accurately compared between groups because the fitting does not converge for the 

control group. Considering a stiffness cut-off of 4.0 kPa and the normal values for these 

cells 44, 45, we calculated the mean and median for both groups. Comparing just the values 

of the mean ± SEM and median for EAH patients, we obtained 0.83 ± 0.004 kPa and 0.54 

kPa, respectively. For the control group, the values obtained were 0.77 ± 0.007 kPa and 

0.32 kPa. EAH patients have a statistically significant (p < 0.0001) increase on erythrocyte 

stiffness (decreased elasticity).  

 

Figure 2  Erythrocyte stiffness studies. (a) Histograms of the distribution of the 

Young’s modulus (E, kPa) values obtained from EAH patients and for the control group. 

(b) AFM tip penetration depth onto erythrocytes for an applied force of 800 pN. The “+” 

symbol indicates the average value of penetration depth for each group. *** p < 0.0001. 

 

To evaluate the ability of the erythrocytes to deform, AFM tip penetration depth 

was also determined (Figure 2b). Data show that the mean ± SEM penetration depth on 

erythrocytes from EAH patients was 322.2 ± 1.7 nm, which is significantly higher than the 

mean ± SEM penetration depth determined for the control group (258.7 ± 1.2 nm; p < 

0.0001). With these results, we could conclude that EAH patients have erythrocytes with 

a higher penetration depth than those from healthy donors. 

The analysis of the hemograms from EAH patients’ blood samples revealed no 

significant differences from the control group. All hemogram parameters were within 

their normal ranges. Despite the large distribution range, EAH patients’ plasma fibrinogen 

concentrations were significantly higher than those determined for the control group 

(301.6 ± 17.8 vs. 246.6 ± 11.0 mg/dl; p = 0.0071) (Figure 3). 
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Figure 3  Fibrinogen levels. Quantification of the blood plasma total fibrinogen 

concentration for control group (healthy donors) and essential arterial hypertension 

patients. 

 

The clinical evaluation also included blood pressure monitoring, 

electrocardiography and echocardiography. We found that all hypertensive patients 

present sinus rhythm without electrocardiographic changes and, on the 

echocardiography, present several degrees of left ventricular hypertrophy. These 

techniques were very useful for assessing the heart function and for detecting 

cardiovascular complications. 

Regarding the erythrocyte aggregation evaluation, we observed a significant 

increase of the erythrocyte aggregation index of EAH patients relative to the control 

group in the absence of added fibrinogen (Figure 4). This happened at both situations 

evaluated at stasis, during 5 s and 10 s after dispersion at 600 Pa, trying to mimic different 

hemorheologic blood flow conditions. Different concentrations of fibrinogen added to the 

blood samples were tested (0, 20, 40, 60 and 80 mg/dl), in order to evaluate the relation 

between erythrocyte aggregation and increasing fibrinogen blood levels. For all fibrinogen 

concentrations tested, the erythrocytes from EAH patients aggregate more than those 

from the control group. Statistically significant variations were observed between 0 and 

80 mg/dl of fibrinogen added and at the time point analysis of 10 s and 5 s, comparing the 

control group with EAH patients (0 mg/dl, 10 s: 15.61 ± 0.39 vs. 20.09 ± 0.92, p < 0.0001; 0 
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mg/dl, 5 s: 5.40 ± 0.15 vs. 7.42 ± 0.33, p < 0.0001; 80 mg/dl, 10 s: 18.02 ± 0.47 vs. 21.50 ± 

0.95, p = 0.0004; 80 mg/dl, 5 s: 6.46 ± 0.20 vs. 7.89 ± 0.36, p = 0.0003). For 60 mg/dl of 

added fibrinogen at 10 s, we did not observe a statistically significant variation, despite 

the maintenance of the same variation trend of the erythrocytes from EAH patients 

tending to aggregate more than those from the control (Figure 4). 

 

Figure 4  Erythrocyte aggregation as a function of the addition of fibrinogen to the 

blood samples. Erythrocyte aggregation was measured during 10 s (a) or 5 s (b) after 

dispersion of the blood sample, at different concentrations of added fibrinogen (0 to 80 

mg/dl). ** p = 0.0013; *** p ≤ 0.0008. 

 

The results obtained for whole blood viscosity of EAH patients and controls are 

shown in Figure 5. Our results show that native (without hematocrit correction) whole 

blood viscosity and hematocrit corrected whole blood viscosity were very similar between 

control and patients groups at both shear rates. No statistical significant differences were 

obtained. 
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Figure 5  Changes on whole blood viscosity between essential arterial 

hypertension patients and healthy donors. Values of blood viscosities of native whole 

blood (a, b, c) and after hematocrit correction to 45% (d, e, f) were measured at two 

shear rates: 22.5 s-1 (a, d) and 225 s-1 (b, e). Plots of whole blood viscosity vs. shear rate 

for each studied group (c, f). Dashed lines are mere guides to the eye. 

 

Erythrocyte deformability was assessed as erythrocyte elongation index, at different 

shear stress values (Figure 6). Statistically significant differences in erythrocyte 

deformability between EAH patients and the control group were obtained for all shear 

stress values (p ≤ 0.0115 from 0.6 to 60 Pa), except the lowest one tested (0.3 Pa). At 

these shear stress values, EAH patients presented higher deformability than the control 

group (0.6 Pa: 4.27 ± 0.25 vs. 5.36 ± 0.33, p = 0.0115; 60 Pa: 42.79 ± 0.54 vs. 55.79 ± 0.79, 

p < 0.0001). 
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Figure 6  Erythrocyte deformability measured at different shear stress values for 

both studied groups. Changes on erythrocyte deformability (assessed as erythrocyte 

elongation index) between EAH patients and healthy donors were measured at shear 

stress values between 0.3 and 60 Pa, mimicking blood vessels of different diameters. * p = 

0.0115; ** p ≤ 0.0005; *** p ≤ 0.0001. 

 

Correlations between AFM data, hemorheological, inflammatory and clinical 

parameters were tested. Statistically significant correlations were detected between 

fibrinogen-erythrocyte binding force and whole blood viscosity, fibrinogen or lactate 

dehydrogenase (LDH). All these data are described on the Supplementary information.  
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Discussion 
 

Here we investigated the importance of the interactions between fibrinogen and 

erythrocytes and possible changes on hemorheological parameters on essential arterial 

hypertension disease. 

The frequency of cardiovascular events is associated in a continuum manner with 

blood pressure 46. In our study, blood pressure was measured as part of the initial 

evaluation of all EAH patients. However, this is not the only determinant of cardiovascular 

damage. The propensity of hypertensive patients to develop organ damage is markedly 

influenced by coexisting risk factors. Thus, others clinical tests were performed, helping to 

identify the causes of the disease, to characterize the patient, to facilitate the choice of 

therapy and to define prognosis 47. 

Looking for new potential diagnostic and prognostic biomarkers is of paramount 

importance to enable a better characterization and assessment of EAH patients. The role 

that the binding between fibrinogen and erythrocyte plays in this disease has not yet 

received its due attention, despite its involvement on the increased erythrocyte-

erythrocyte adhesion recently found for EAH patients22. Thus, on this study, we evaluated 

the importance of the binding between fibrinogen and erythrocytes as a cardiovascular 

risk factor on patients with essential arterial hypertension using a powerful nanotool for 

force spectroscopy measurements. 

From the AFM-based force spectroscopy results, we can conclude that EAH patients 

have higher fibrinogen-erythrocyte binding forces than healthy donors, despite lower 

binding frequency. This may have an important role for the increase on erythrocyte 

aggregation in hypertension, and could be a predictor of cardiovascular risk to be 

evaluated in clinical practice. Furthermore, Lominadze et al. reported in a rat model of 

spontaneous hypertension that increased erythrocyte aggregation and plasma 

hyperviscosity were present not only during the established phase of hypertension, but 

also before blood pressure became elevated 48. Thus, besides a diagnostic biomarker, this 

interaction could represent a powerful predictive biomarker to prevent cardiovascular 

events beforehand. 

Several prospective studies have demonstrated a direct relationship between 

plasma fibrinogen levels and the risk of cardiovascular diseases 49, 50, 51. Particularly, these 
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levels may affect prognosis in hypertension 11, 52. Sechi et al. showed that high plasma 

concentrations of fibrinogen are associated with organ damage in essential hypertension 

53. However, Fassl et al. data indicate that perioperative administration of fibrinogen 

concentrate to bleeding patients undergoing cardiac surgery is not associated with 

increased incidence of major adverse cardiac or thromboembolic events and mortality 

after 30 days or 1 year 54. 

Similarly, our recent results with heart failure patients also showed a significant 

increase of the binding force between fibrinogen and erythrocytes21. On this study, 

fibrinogen-erythrocyte binding forces determined by AFM were shown to be associated 

with the patient’s clinical outcome: those with higher AFM-measured fibrinogen-

erythrocyte binding forces presented a higher probability of cardiovascular disease-

associated hospitalization during the subsequent 12-months clinical follow-up period. 

This result highlighted the importance of the fibrinogen-erythrocyte interaction in chronic 

heart failure patients and identified a subgroup of patients at higher risk 21.  

Erythrocyte biomechanic properties associated to their elasticity (Young’s modulus 

and AFM tip penetration depth upon pressing onto erythrocytes) were also analyzed. We 

found that erythrocytes from EAH patients were stiffer and had higher cell penetration 

depth than the control group.  

It is possible that the stronger association between fibrinogen and erythrocyte can 

be promoted by the high blood pressure. Previous evidences have lead to the hypothesis 

that hypertension per se may confer to the patient a hypercoagulable state, as shown by 

Lip and Blann 55.  

Hemorheological parameters have been associated with hypertension 52. Therefore, 

erythrocyte aggregation, whole blood viscosity, erythrocyte deformability and fibrinogen 

levels were also analyzed on this study. Sloop et al. showed that blood viscosity 

contributed to hypertension by increasing systemic vascular resistance 47. The Edinburgh 

Artery Study demonstrated the role of chronic hyperviscosity in atherosclerotic 

cardiovascular disease 56. In a cohort study, patients sustaining a cardiovascular event had 

significantly higher blood viscosity values 56. Our whole blood viscosity results revealed no 

differences on this parameter between EAH patients and healthy blood donors. This may 

be due to the pharmacologic therapy used by these patients (e.g., aspirin), which is 

known to make the blood more fluid. Rosenson showed that aspirin/dipyridamole was 
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more effective than aspirin therapy in reducing blood viscosity at shear rates of 1 and 2 s-

1; however, there were no significant differences in blood viscosity at shear rates from 5 

to 1000 s-1  57. 

Erythrocyte deformability data indicated that EAH patients’ erythrocytes are more 

deformable than those from healthy donors at both shear stress values. This result is not 

in agreement with previous findings suggesting a decreased erythrocyte deformability in 

hypertensive patients, leading to an increased microvascular flow resistance 25. Again, this 

difference may be related with patients’ therapy. Furthermore, our erythrocyte 

deformability results are in agreement with the biomechanic data (erythrocyte 

penetration depth), indicating at the single-cell level that erythrocytes from these 

patients have a higher capacity to deform than those from healthy donors. 

At high shear rates or blood flow, erythrocytes reversibly deform to minimize 

resistance to flow and viscosity. In addition, erythrocytes entrain or organize into 

columns, which minimizes potential collisions between cells caused by tumbling and 

orbiting motions, further decreasing viscosity58. In areas of slow blood flow or low shear, 

erythrocytes can aggregate and increase viscosity 58. At this level, any molecule with a size 

large enough to simultaneously bind two erythrocytes, such as fibrinogen, can foster 

erythrocyte aggregation22.  

Concerning the erythrocyte aggregation data, we observed a significant increase of 

the erythrocyte aggregation from EAH patients, compared with the control group. In the 

presence of increasing fibrinogen concentrations, erythrocytes from EAH patients tend to 

increase their aggregation. This result corroborates the association of high plasma 

fibrinogen concentrations with increased erythrocyte aggregation, which could be a 

predictor of high cardiovascular risk. 

The association between altered hemorheological parameters and hypertension 

should be considered with caution. Other hemostatic, clinical or therapeutic parameters 

may also be influencing the results. This may limit the generalizability of the conclusions 

to every EAH patients. Studies with a larger number of patients should be encouraged to 

further confirm these findings before translating these results for clinical application. 

Correlation between parameters was tested trying to understand the interactions of 

binding force and different altered parameters in EAH patients (vd. Supplementary 

Information). We observed significant correlation between AFM binding force data and 
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whole blood viscosity, fibrinogen and LDH levels. These findings support the fact that EAH 

patients have a higher cardiovascular risk, associating all these altered parameters.  

Our findings evidence that the binding between fibrinogen and erythrocyte is 

increased on EAH patients, which could be an important cardiovascular risk factor to be 

considered in the future. It is of paramount importance to develop a strategy to define 

the mechanisms involved on this binding and to prevent fibrinogen-erythrocyte 

interactions on those who developed or will develop the disease. Associated with this, 

hemorheological parameters were also altered on EAH disease. The pathophysiological 

mechanisms that lead to arterial hypertension are extremely complex, selective and 

variable between patients. With increased recognition of specific causes, it may be 

possible to select and develop therapies for each pathophysiologic mechanism, limitting 

adverse effects and leading to a more effective reduction of arterial hypertension.  
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Supplementary information of Chapter VI 
 

 

Fibrinogen-erythrocyte binding and hemorheology measurements on the assessment of 

essential arterial hypertension patients 

 

Ana Filipa Guedes1, Carlos Moreira2, José Braz Nogueira2, Nuno C. Santos1,*, Filomena A. 

Carvalho1,* 

 

 

Linear regression analysis between whole blood viscosity and AFM data 

Trying to understand how the interactions between fibrinogen molecules and its 

erythrocyte membrane receptor could affect the whole blood viscosity of EAH patients’ 

group, data obtained for each parameter were compared (Figure S1). After performing 

linear regression analysis, we could observe a significant relation between blood viscosity 

after the correction of hematocrit, at 225 s-1 shear rate, and the average fibrinogen-

erythrocyte (un)binding force (p = 0.017; r2 = 0.20). We also obtained significant relations 

for native blood viscosity at both shear rates (p = 0.0002 for 22.5 s-1, r2 = 0.40; p = 0.005 

for 225 s-1, r2 = 0.25). This means that increasing the force of fibrinogen-erythrocyte 

binding, blood viscosity also increases. 



 
 

271 
 

 

Figure S1  Relation between fibrinogen-erythrocyte binding force and whole 

blood viscosity for EAH patients. Linear regression analysis between fibrinogen-

erythrocyte average (un)binding force data and whole blood viscosity, for 45% hematocrit 

data (a) and native blood data (b). Linear regression was performed with a confidence 

interval of 95%. We observed a significant relation between native whole blood viscosity 

at both shear rates and binding force, as well as between 45% hematocrit blood viscosity 

at 22.5 s-1 and binding force. Statistical significance values are shown. 

 

Linear regression analysis between fibrinogen concentration and AFM data 

In an effort to understand why the AFM data show that CHF patients have 

significantly increased fibrinogen-erythrocyte binding force, we evaluated the relationship 

between the fibrinogen levels in plasma from each EAH patient and binding force (Figure 

S2). We observed that increasing fibrinogen concentration, the average binding force 

(measured at the single-molecule level) also increases (p = 0.047, r2 = 0.14). High 

fibrinogen plasma levels on EAH patients could lead to high binding strength between this 

protein and its erythrocyte membrane receptor. Thus, these findings support the idea 
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that fibrinogen has an important role on promoting erythrocyte aggregation, increasing 

the propensity for cardiovascular events.  
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Figure S2  Relation between fibrinogen-erythrocyte binding force and plasma 

fibrinogen concentration for EAH patients. Linear regression analysis showed a 

significant relation between fibrinogen-erythrocyte average (un)binding force data and 

plasma fibrinogen levels data. Linear regression was performed with a confidence interval 

of 95%. Statistical significance was p = 0.047. 

 

Linear regression analysis between LDH and AFM data 

Lactate dehydrogenase (LDH) blood levels are clinically used on the evaluation of a 

number of diseases and conditions. It is a general indicator of and cellular lysis, releasing 

the enzyme to the extracellular medium. Considering the tissue-specifity of the different 

isoforms of this enzyme, LDH is also used to help diagnose and monitor a heart attack. In 

our study, high LDH levels were observed for EAH group. To understand if there is any 

association between this parameter and the binding force between fibrinogen and 

erythrocytes, we performed a linear regression analysis (Figure S3). We observed a 

positive relation between fibrinogen-erythrocyte binding force and LDH data, showing 
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that in EAH patients, increasing the LDH circulating levels, also increases the binding force 

(p = 0.023, r2 = 0.21).  
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Figure S3  Linear regression shows the relation between fibrinogen-erythrocyte 

binding force and plasma LDH levels. A significant relation was found between 

fibrinogen-erythrocyte average (un)binding force data and plasma LDH data. Linear 

regression was performed with a confidence interval of 95%. Statistical significance was p 

= 0.023. 
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Chapter VII ▫ 

Erythrocyte adhesion in 

healthy and pathological conditions     
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Overview 
 

The work described in this Chapter has a close relation with the research conducted 

for the previous one (Chapter VI). Here, we wanted to evaluate how erythrocytes adhere 

to each other in the presence of increasing concentrations of fibrinogen molecules, in 

healthy subjects and in essential arterial hypertension patients. The rational for this study 

was to better understand, at the single molecule level,  the role of blood plasma 

fibrinogen on erythrocyte aggregation, namely in patients with high cardiovascular risk 

(such as, essential arterial hypertension disease). Additionally, we wanted to know how 

the γ’ fibrinogen variant levels are altered on these patients, in order to understand its 

influence on erythrocyte aggregation.  

We found that erythrocytes from EAH patients adhere more to each other than the 

erythrocytes from healthy donors, with this cell-cell adhesion increasing in both 

populations when in the presence of higher fibrinogen levels. Higher levels of γ’ 

fibrinogen were also found in EAH patients. Our data enabled us to hypothesize that the 

erythrocyte-erythrocyte binding and γ’ fibrinogen variant levels could be promise markers 

of cardiovascular risk, as these parameters could lead to changes on microcirculation. 

 

 

This work was done at Instituto de Medicina Molecular, Faculdade de Medicna, 

Universidade de Lisboa but also at Hospital Santa Maria, Centro Hospitalar Lisboa Norte. 
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Abstract 
 

The increase of erythrocyte aggregation by high fibrinogen levels may be an 

indicator of cardiovascular risk. γ’ fibrinogen variant has been considered as a possible 

player on enhancing aggregation. Here, we assessed, at the single-cell level, the influence 

of fibrinogen on erythrocyte aggregation in essential arterial hypertension. We also aimed 

at understanding how γ’ fibrinogen is altered in this disease. Using atomic force 

microscopy (AFM), we show that the work and force necessary for erythrocyte-

erythrocyte detachment is higher for patients than for healthy donors, with these 

parameters further increasing in both groups when higher fibrinogen concentrations are 

present. This can be associated to changes in blood flow, due to transient bridging of two 

erythrocytes by fibrinogen, representing an important cardiovascular risk factor. γ’ 

fibrinogen can influence the increased risk in essential arterial hypertension, as we 

demonstrate that its levels are significantly increased in these patients blood. 

Nevertheless, this cannot be the only cause for the changes observed in the AFM data. 
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Introduction 
 

Erythrocytes play an important role in blood coagulation by increasing blood 

viscosity, which is associated with a propensity for clot formation.1,2 In disease, this 

increase in viscosity leads to a greater risk of thrombosis.3 Erythrocytes present surface 

adhesion receptors4, contributing to thrombosis in different ways.5,6 Several of these 

receptors mediate cell-cell adhesion, both on physiological and pathological conditions. 

Cell adhesion is involved in different processes such as tethering of a cell, cell-cell 

communication, tissue formation and aggregation.7 

Erythrocyte-erythrocyte adhesion leads to erythrocyte aggregation and can cause a 

wide range of diseases. The established hypothesis for the increase on erythrocyte 

aggregation associated to cardiovascular pathologies is based on an increase on plasma 

adhesion proteins concentration, such as fibrinogen.8,9 Fibrinogen-induced erythrocyte 

aggregation was often considered to be caused by its nonspecific binding to erythrocyte 

membrane.9,10 It is known that platelets have an integrin receptor for fibrinogen in their 

membrane, the glycoprotein complex αIIbβ3.11 Lominadze et al. suggested that fibrinogen 

can specifically interact with erythrocyte membranes.12 In a previous study, we 

demonstrated the existence of single-molecule interactions between fibrinogen and a 

receptor on the erythrocyte membrane, with a relatively lower but comparable affinity 

relative to platelet binding.13 The erythrocyte receptor was not as strongly influenced by 

calcium and eptifibatide (an αIIbβ3 specific inhibitor) as the platelet receptor.13 By 

antibody-inhibition studies, we could identify the receptor on erythrocyte membrane as 

the αvβ3 integrin.14 Moreover, we recently used atomic force microscopy as a nanotool to 

evaluate the risk of chronic heart failure (CHF).14 In that work, we demonstrated that the 

force necessary to break the bond between fibrinogen and erythrocytes in ischemic CHF 

patients is stronger than in non-ischemic CHF patients and in healthy donors. Notably, our 

12-month clinical follow-up has shown that the CHF patients that presented an higher 

fibrinogen-erythrocyte binding forces at the initial evaluation had a higher probability of 

being hospitalized due to cardiovascular disease-associated complications during the 

following year.14 These results demonstrate the value of this nanotechnology-based 

approach for clinical prognosis, indicating the patients with higher risk.  
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Essential arterial hypertension (EAH) is a clinical complication considered as one of 

the major risk factors for cardiovascular and cerebrovascular diseases, such as heart 

failure, heart attack or stroke.15 Worldwide, 7.6 million premature deaths (about 13.5% of 

the global total) were attributed to high blood pressure. About 54% of stroke events and 

47% of ischemic heart disease were attributable to high blood pressure.16 According to 

the European Hypertension Society, patients are considered hypertensive if their blood 

pressure reach or exceed 140 mmHg of systolic blood pressure (SBP) and/or 90 mmHg of 

diastolic blood pressure (DBP). The higher the pressure in blood vessels, the harder it is 

for the heart to properly pump the blood, leading to the increased cardiovascular risk.17 

Actuarial data demonstrated almost a century ago that elevated blood pressure 

shortened life expectancy18, despite the rapid expansion of the efforts by the 

pharmaceutical industry to develop new therapies for hypertension.17 New strategies to 

prevent or slow down the onset of hypertension should not be disregarded.17 Moreover, 

if the hypertension is detected early, it will be possible to minimize the risk of other 

cardiovascular disorders.15 

Elevated plasma fibrinogen level was positively associated with prevalent 

hypertension, both among men and women, and positively associated with 5-year 

incident hypertension among men, independently of several other cardiovascular risk 

factors.10 It is also well established that total plasma fibrinogen concentration is elevated 

on patients with cardiovascular diseases.8,9 In plasma, there is a fibrinogen variant, γ’ 

fibrinogen, that arises from altered splicing of the fibrinogen γ-chain mRNA.19 Recent 

studies suggest that γ’ fibrinogen is a newly-emerging risk factor for cardiovascular 

disease.20-25 Farrell and co-workers developed a new γ’ fibrinogen enzyme immunoassay 

intended to be used as part of risk assessment in adults with suspected risk for 

cardiovascular diseases.26,27  

Cell adhesion has been investigated using different techniques28-30, despite some 

limitations, such as the absent or limited information on the adhesion strength between 

cells and substrate.31-35 Force spectroscopy measurements using an atomic force 

microscope are capable of resolving individual cell-cell binding events, and have been 

applied on different cell systems.36-38 AFM-based single cell force spectroscopy (SCFS) is 

an ultrasensitive method to quantify adhesion forces of individual cells under 

physiological conditions.34,39 In SCFS adhesion measurements, a living cell is first attached 
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to the tipless AFM cantilever. To facilitate cell immobilization, cantilevers can be coated 

with different matrix proteins, such as fibronectin or laminin, or with sugar-binding lectins 

(e.g., concanavalin A (conA)), which provides gentle cell attachment via glycosylated cell 

surface proteins.38-40 Then, a single cell is captured, converting this living cell into a probe. 

The cell attached to the cantilever is then brought into contact with cell attached to the 

surface and cell-cell contact is maintained under constant contact force for a certain 

defined dwell time. During subsequent cell retraction, cellular adhesion forces can be 

measured with high sensitivity from the degree of cantilever deflection, with single-

molecule resolution. Force-distance curves are generated and could then provide 

quantitative information on overall cell adhesion, including the discrimination of a series 

of small rupture steps.37,39,41 

To understand the differences between healthy and pathological conditions, it is 

important to recognize the molecular mechanisms underlying erythrocyte aggregation as 

a good indicator of cardiovascular risk. With this purpose, here we use AFM single-cell 

force spectroscopy to quantitatively evaluate erythrocyte adhesion and study the 

influence of fibrinogen molecules on this binding. We measured these interactions in 

samples from a group of healthy donors and from patients with EAH. In order to 

understand how γ’ fibrinogen is altered in blood from EAH patients and whether this 

could be considered a new biomarker for cardiovascular risk, γ’ fibrinogen concentration 

was also quantified. 
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Methods 
 

Study participants 

Twenty-one patients with essential arterial hypertension were enrolled in this 

study. Patients were stable in ambulatory and with optimized standard medical therapy 

according to the European Society of Hypertension (ESH) and the European Society of 

Cardiology (ECS) guidelines.42 Inclusion criteria for the study were hypertensive patients 

consecutively examined in the Center of Hypertension of Hospital de Santa Maria (Lisbon, 

Portugal), medicated with calcium channel blockers (CCB), angiotensin converting enzyme 

(ACE) inhibitors, angiotensin II receptor blockers (ARB), beta blockers (BB), aspirin and/or 

statins. Exclusion criteria were severe renal damage (defined as glomerular filtration rate, 

eGFR, below 30 ml/min), diabetes mellitus type 1 or 2, heart failure with New York Heart 

Association (NYHA) Functional Classification III or IV, or left ventricular ejection fraction 

(LVEF) under 40%, liver failure, cancer or other systemic severe diseases. Clinical profiles 

were thoroughly collected. 

A control group of healthy volunteers (n=8 for the AFM studies and n=44 for γ’ 

fibrinogen determination) was also included in this study, following a protocol with 

Instituto Português do Sangue e Transplantação (IPST, Lisbon, Portugal). Control subjects 

did not present any known concomitant disease. 

Each participant gave informed written consent and all clinical studies have been 

conducted according to the principles expressed in the Declaration of Helsinki. This study 

was approved by the joint Ethics Committee of Faculdade de Medicina da Universidade 

de Lisboa and Centro Hospitalar Lisboa Norte. 

 

Erythrocyte isolation and preparation for AFM 

Erythrocytes were isolated as previously described13,14, using buffered saline 

glucose citrate (BSGC: 1.6 mM KH2PO4, 8.6 mM Na2HPO4, 0.12 M NaCl, 13.6 mM sodium 

citrate and 11.1 mM glucose), pH 7.3, supplemented with 1 mM CaCl2. Erythrocytes (0.1% 

hematocrit) were attached on a clean poly-L-lysine-coated glass slide. Cells were attached 

to poly-L-lysine (PLL) treated glass slide after 30 min of deposition, at room temperature. 

Non-adherent cells were removed by sequential washes with buffer. Samples were 
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loaded into the AFM and allowed to equilibrate in buffer for 15 min before force 

spectroscopy measurements. No cell fixation was involved in sample preparation. 

 

Cantilever functionalization 

To conduct the AFM cell adhesion assays, tipless silicon nitride cantilevers (Arrow 

TL2, NanoWorld, Neuchâtel, Switzerland; thickness 1 µm, length 500 µm, width 100 µm 

and resonance frequency 6 kHz) were functionalized in order to attach one cell to the 

cantilever. The functionalization of the cantilever is a multi-step procedure. First, the 

cantilever was activated by UV treatment, for 15 min. Then, the cantilever was immersed 

in a 0.5 mg/mL biotinylated albumin solution (at 37ºC, overnight), then in 0.5 mg/mL 

streptavidin (30 min, at room temperature) and, finally, in 0.4 mg/mL biotin-concanavalin 

A (30 min, at room temperature).43 Cantilevers were washed with phosphate buffer saline 

(PBS) between each step of the functionalization process. The cantilevers were kept in 

PBS to ensure the integrity of the surface treatment until usage. All reagents were 

purchase from Sigma Aldrich (St. Louis, MO, USA). 

 

AFM measurements of cell-cell adhesion 

Experiments were performed on a NanoWizard II atomic force microscope (JPK 

Instruments, Berlin, Germany) mounted on an Axiovert 200 inverted optical microscope 

(Zeiss, Jena, Germany). Long range force-spectroscopy was made possible by using the 

CellHesion module (JPK instruments), with a 100-μm z-range piezoelectric scanner. The 

objective was mounted with a PIFOC to enable concurrent movement of the objective 

with the sample holder during force spectroscopy measurements. Concanavalin A-

functionalized cantilevers were mounted on the microscope, erythrocytes were injected, 

and one erythrocyte was captured by positioning the cantilever above the cell center and 

gently lowering onto the cell for approximately 30 s. The applied force was adjusted to 

300 pN before retraction. Data collection for each force-distance cycle was performed at 

2 µm/s, with a z-length of 30 µm. Retraction and extension time delays of 5 s were 

applied.44 Erythrocyte-erythrocyte adhesion was measured in the presence of different 

human fibrinogen (Sigma Aldrich) concentrations, up to 1.0 mg/mL (Figure 1). Fibrinogen 

solutions were allowed to incubate for 15 min before erythrocyte adhesion 
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measurements. Five force-distance curves were recorded for each erythrocyte on the 

substrate, and a maximum of 8 different adherent cells on the substrate were tested with 

the same erythrocyte attached to the AFM cantilever. A total of 40 cells were tested for 

each experimental condition. Force-distance curves were analyzed using JPK image 

processing software v. 4.2.61 (JPK Instruments). The values of work correspond to the 

area under the retraction curve obtained on a force-distance plot. Values of the initial 

maximum detachment force (by the minimum value of adhesion force) and of two types 

of events (jumps and membrane tethers) were also obtained after analyzing the cell-cell 

adhesion retraction curves. We considered a membrane tether as a step in force detected 

after a force plateau of more than 0.25 μm in distance. Jump events (force plateau of less 

than 0.25 μm in distance) could be attributed to the breaking of cell-cell interactions 

without a preceding membrane deformation. Membrane tethers events corresponded to 

situations where a membrane tether was extruded before the breaking of a connection 

between surface components of two interacting cells.44 Work and detachment force data 

histograms are presented in Supplementary Figures S1 and S2, respectively. 

 

γ’ fibrinogen quantification 

γ’ fibrinogen concentration in human plasma was quantified using a specific two-

site sandwich enzyme linked immunosorbent assay immunoassay kit (Gamma Couer 

ELISA kit, Gamma Therapeutics, Portland, OR, USA). First, a monoclonal anti-γ’ fibrinogen 

antibody, clone 2.G2.H9, specific for the unique carboxyl terminal peptide of the γ’ 

fibrinogen chain, was used as capture antibody. Secondly, an enzyme-labeled polyclonal 

anti-fibrinogen detection antibody was added, which binds to the captured γ’ fibrinogen, 

forming a detection antibody sandwich. Absorbance of the colored end-product was read 

at 450 nm on an Infinite M200 microplate reader (Tecan, Männedorf, Switzerland). 

Plasma samples from EAH patients (n=31) and healthy donors (n=44) were analyzed. 

Values that fall above the cut-off (>30 mg/dL) were considered as indicative of increased 

risk of cardiovascular disease and may require further testing for cardiovascular 

diseases.26,27 
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Statistical analysis 

Descriptive statistics were given as mean ± standard error of mean (SEM). For every 

parameter, all samples were tested against control group. Unpaired Student’s t-test was 

used for statistical analysis of intergroup comparison. The nonparametric Mann-Whitney 

test was used when data do not have a normal distribution. Statistical significance was set 

at p<0.05. Statistical analyses were performed using GraphPad Prism 5. 
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Results 
 

Cell adhesion experiments 

A schematic representation of AFM cell-cell adhesion experiments performed using 

erythrocyte-functionalized probes and erythrocyte on the substrate is shown in Figure 1. 

Erythrocytes isolated from blood samples of the patients with essential arterial 

hypertension and healthy volunteers (control) were tested in the presence of fibrinogen 

concentrations up to 1.0 mg/mL.  

 

Figure 1  Schematic representation of the erythrocyte-erythrocyte adhesion 

experiments using atomic force microscope, done in the presence of fibrinogen. First, 

the cantilever with an attached erythrocyte is brought into contact with another 

erythrocyte on the substrate (a), until a certain contact force is reached (b). Afterwards, 

during retraction, cell-cell adhesion may occur causing the cantilever to adhere to the 

sample up to a distance beyond the initial contact point (c). When the spring force 

overcomes the interaction forces, the cantilever pulls of sharply, and different types of 
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adhesion between both cell surfaces could occur (d and e), before totally breaking 

contact and completing erythrocyte-erythrocyte detachment (f).  

During AFM experiments, it was possible to perform several approach/retract cycles 

between the erythrocyte attached on the cantilever and erythrocytes on the glass slide. 

These cycles generate different cell-cell adhesion curves. Two examples of these curves 

can be seen in Figure 2. Without the presence of fibrinogen, unspecific adhesion between 

erythrocytes could be observed (Figure 2a). Erythrocytes are non-adherent and very soft 

cells, with an extremely high capacity to deform. In the cell-cell adhesion experiments, a 

low retraction velocity of 2 µm/s and a cell-cell contact time of 5 s were used. This 

constant time is associated with an elastic deformation regime, exponentially increasing 

viscous creep45. As so, in the absence of fibrinogen, cells experienced a viscous drag effect 

of the aqueous working conditions. If a strong adhesion between both erythrocytes was 

observed, it would be possible to visualize a step in the force profile of the retraction 

curve, as those observed in Figure 2b. In Figure 2a, only a slow continuous decrease of the 

deflection of the cantilever was observed, without any detectable jump in force, until the 

cantilever reach the zero value of force. The total separation of both erythrocytes occurs 

at a tip-sample distance of approximately 20 µm. These results may be due to the 

combination of different forces exerted on the cell: the viscous dragging force, the pulling 

off of the erythrocyte and the elastic deformation of both erythrocytes. 

In the presence of 1 mg/mL fibrinogen, it was possible to observe strong and 

specific cell-cell interactions (Figure 2b). Different parameters could be extracted by 

analyzing the retraction curves: the work necessary to detach cells, the maximum 

detachment force and also two different types of events: jumps and membrane tethers 

(Figure 2b). Upon closer examination of the cell-cell adhesion curves, it became evident 

that in the presence of fibrinogen (1 mg/mL), erythrocyte-erythrocyte detachment occurs 

via several rupture events that were not observed in the absence of this plasma protein 

(Figure 2). 
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Figure 2  Examples of retraction curves acquired during AFM cell-cell adhesion 

experiments. Erythrocyte-erythrocyte adhesion without fibrinogen (a) and in the 

presence of 1 mg/mL fibrinogen (b).  

 

Erythrocytes adhesion is mediated by fibrinogen 

To prove the specificity of the binding between two erythrocytes mediated by 

fibrinogen molecules, three different control experiments were performed: i) interaction 

between tipless cantilever without an erythrocyte attached and an erythrocyte on the 

substrate; ii) interaction between an erythrocyte attached to the cantilever and the poly-

L-lysine glass slide (without erythrocytes); and, iii) erythrocyte-erythrocyte interaction in 

the presence of both 1 mg/mL fibrinogen and 4 mM EDTA (as a chelating agent of calcium 

ions, to inhibit the fibrinogen receptor on erythrocytes13). The results extracted from the 

AFM adhesion data after performing these control experiments are shown in Figure 3. 
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Figure 3  AFM data of work (a), detachment force (b), jumps events (c) and 

membrane tethers (d) of samples and controls. Comparison of AFM data achieved from 

the interaction of two erythrocytes in the presence of fibrinogen 1 mg/mL (blue) and 3 

different control systems, for the interaction between: i) tipless cantilever without an 

erythrocyte attached and an erythrocyte on the substrate (red); ii) an erythrocyte 

attached on the cantilever and the PLL glass slide without erythrocytes (green); and, iii) 

erythrocyte-erythrocyte interaction in the presence of 1 mg/mL fibrinogen and 4 mM 

EDTA (orange). Values are presented as box with median value and 1st and 3rd quartiles, 

and whiskers with maximum and minimum values. The mean value is presented as ‘+’. 

The relative events/curve are given by the ratio between the total number of jump (c) or 

membrane tether (d) events per the total number of force-adhesion curves. Statistical 

values: (a) *** p<0.0001, ** p ≤ 0.0038; (b) *** p<0.0002, * p=0.0407; (c) *** p<0.0001; 

(d) *** p<0.0001. 
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Analyzing the results achieved with control experiments, a decrease in the work and 

maximum force necessary to detach the cantilever-substrate system was observed. This 

situation occurred when the experiments were performed with a cantilever without an 

erythrocyte (p<0.0001) and for the erythrocyte-erythrocyte interaction in the presence of 

EDTA (p=0.002). As expected, the force necessary to overcome the binding between an 

erythrocyte attached to the cantilever and PLL glass slide is higher than for the 

erythrocyte-erythrocyte interaction in the presence of fibrinogen (p=0.0038). PLL is 

usually used to facilitate the attachment of cells and proteins to solid surfaces in 

biological applications. This cationic substrate strongly interacts with the negatively 

charged surface of the erythrocytes.46 These strong erythrocyte-PLL interactions were 

observed also by detachment force data (Figure 3b, p<0.0001). As all experiments were 

conducted in an AFM coupled with an inverted fluorescence microscope connected to a 

CCD camera, interactions between the cell attached to the cantilever and the PLL 

substrate were avoided on all cell-cell interaction experiments. To guarantee this, the 

cantilever (with an erythrocyte) was mechanically and optically placed on top of an 

erythrocyte on the substrate each measurement. After performing these three types of 

control experiments, we could demonstrate the specificity of the interaction between 

two erythrocytes in the presence of fibrinogen molecules and apply the same procedure 

to blood samples from EAH patients.   

 

EAH patients present stronger erythrocyte-erythrocyte adhesion 

Figure 4a shows that the work necessary to detach two erythrocytes, either from 

healthy donors or EAH patients, was significantly higher in the presence of increasing 

fibrinogen concentrations (from 0.4 to 1 mg/mL) than on its absence (p<0.0001). 

Moreover, in the absence of fibrinogen, the work necessary to detach two erythrocytes 

from EAH patients was significantly higher than for erythrocytes isolated from healthy 

donors (1.45 ± 0.06 fJ for EAH patients vs. 0.48 ± 0.04 fJ for healthy donors; p<0.0001). In 

all fibrinogen concentrations tested, higher forces (and work) were needed to overcome 

erythrocyte-erythrocyte adhesion for EAH patients than for healthy donors (Figure 4a), 

although statistically significant differences were only observed in the presence of 0.7 
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mg/mL fibrinogen (3.13 ± 0.16 fJ for EAH patients vs. 2.10 ± 0.31 fJ for healthy donors; 

p=0.022). 

 

 

Figure 4  AFM data of work (a), detachment force (b), jumps events (c) and 

membrane tethers (d) from blood samples of healthy donors (n=8) and EAH patients 

(n=21). Comparison of AFM data achieved from the interaction of two erythrocytes in the 

absence or in the presence of increasing fibrinogen concentrations (from 0.4 to 1 mg/mL), 

for healthy donors (blue) and EAH patients (brown). Values are presented as mean  SEM. 

Histograms are presented on Supplementary Figures S1 and S2. The relative events/curve 

is given by the ratio between the total number of jump (c) or membrane tether (d) events 

per the total number of force-adhesion curves. (a) *** p<0.0001, * p=0.022; (b) *** 

p≤0.0007. 

 

The maximum detachment force required to separate the cantilever-bound 

erythrocyte from the erythrocyte at the surface of the glass slide was also determined 

directly from each force-distance curve (Figure 2b). Similarly to the values of work, the 

maximum detachment force necessary to detach two erythrocytes in the absence of 
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fibrinogen is higher for EAH patients than for healthy donors (p<0.0001). Higher 

detachment forces data for EAH patients were also observed in the presence of 0.4 

mg/mL (p<0.0001) and 0.7 mg/mL (p=0.0007) fibrinogen (Figure 4b). 

For healthy donors, upon increasing fibrinogen concentrations, the erythrocyte-

erythrocyte binding force also increased. These variations were statistically significant for 

all fibrinogen concentrations tested (p<0.0001 at 0.4 and 1.0 mg/mL; p=0.0002 at 0.7 

mg/mL). Regarding EAH patients, the same fibrinogen concentration dependence of 

erythrocyte-erythrocyte binding forces did not occur. Despite the statistically significant 

differences between detachment forces of EAH patients erythrocytes in the presence of 

fibrinogen 0.4 and 0.7 mg/mL and in their absence, only small differences were observed 

(Figure 4b). 

Looking at the force retract curve (Figure 2b), an initial unbinding event is followed 

by a number of smaller force steps, which could be distinguished and analyzed as jumps 

events and membrane tethers. Comparing jumps events for both study groups (Figure 

4c), one may notice that EAH patients present more frequent events per curve than 

healthy donors, either in the absence or in the presence of fibrinogen. A 2 to 5-fold 

increase in the number of jump events was observed for erythrocytes from EAH patients. 

Regarding membrane tethers (Figure 4d), the same difference could not be observed. 

Only in the absence of fibrinogen, a 2.5-fold increase in the number of membrane 

tethers/curve could be seen for the erythrocytes from EAH patients. When fibrinogen was 

added, approximately the same number of membrane tethers/curve was detectable in 

erythrocytes from EAH patients and healthy donors. 

 

EAH patients have higher levels of γ’ fibrinogen 

In parallel with the AFM experiments, the levels of total fibrinogen and γ’ fibrinogen 

variant were quantified in plasma from EAH patients (Figure 5). EAH patients presented 

higher total plasma fibrinogen (3.02 ± 0.18 mg/mL vs. 2.43 ± 0.11 mg/mL; p=0.0034) and 

γ’ fibrinogen levels (0.43 ± 0.02 mg/mL vs. 0.33 ± 0.02 mg/mL; p=0.0003) than healthy 

donors. Despite the fact that the total fibrinogen concentrations determined for the 

patients are significantly higher than those from healthy donors, both groups presented 

values within the normal range for this parameter (1.5-3.5 g/L47). As for γ’ fibrinogen 
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concentration, values above a cut-off of approximately 0.3 mg/mL have been referred as 

indicative of increased risk of cardiovascular diseases.27 Our results show that EAH 

patients present γ’ fibrinogen concentrations above this cut-off, and that those 

concentrations are significantly higher than those determined for the healthy donors. 

However, the ratio between γ’ fibrinogen and the total plasma fibrinogen was not 

statistically different among EAH patients and healthy donors. 

 

Figure 5  Total plasma fibrinogen (a) and γ’ fibrinogen (b) concentrations, as well 

as the ratio between both parameters (c), for EAH patients (n=31) and healthy blood 

donors (n=44). Values are presented as box with median value and 1st and 3rd quartiles, 

and whiskers with maximum and minimum values. (a) ** p=0.0034; (b) *** p=0.0003. 
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Discussion 
 

The present work shows for the first time that the erythrocyte-erythrocyte 

interaction in the presence of fibrinogen, characterized here by AFM-based force 

spectroscopy, is modified in essential arterial hypertension patients. AFM cell-cell 

adhesion measurements were used to assess the interactions between an erythrocyte 

attached to the AFM cantilever and erythrocytes on the substrate. This is also a good 

example of application of AFM as a versatile tool to quantify cell adhesion under near-

physiological conditions, from the cellular level down to the contribution of single 

molecules, opening new possibilities in terms of nanodiagnostics and optimized 

therapeutics. In previous studies, Puech et al. also showed that an atomic force 

microscope with an extended pulling range is a powerful tool to study multiple features 

of melanoma disease progression.38 Friedrichs et al. considered that this technique allows 

to obtain a large amount of essential cell biological and biophysical information that will 

contribute to different biomedical and material applications.34 We previously reported 

the use of AFM to study the broad effect of azurin at the cancer cell surface level.48 In 

another study, using different AFM modes, we showed that P-cadherin and Src family 

kinase signaling induce changes in the morphological and viscoelastic properties of breast 

cancer cells. These cells also revealed differences on their biomechanical cell-cell 

adhesion, which are associated with a more invasive breast cancer cell phenotype.44 

In order to prove the specificity of the erythrocyte-fibrinogen-erythrocyte binding 

under evaluation, different control experiments were performed. From these 

experiments (Figure 3), we could conclude that the interaction between two erythrocytes 

in the presence of fibrinogen molecules is specific, validating the subsequent 

measurements. The analysis of the unbinding events from the cell-cell force-distance 

curves helped us to characterize the strength of single bonds, as well as other erythrocyte 

properties. The extended effective pulling range of the instrument enabled the detection 

of unbinding forces associated with short-range unspecific interactions, up to specific 

jumps and membrane tethers associated interactions.  

AFM data showed that higher work and forces had to be applied to completely 

detach two erythrocytes from EAH patients, when compared with cells from healthy 
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donors, both in the absence or in the presence of fibrinogen molecules in solution. With 

the increasing of fibrinogen levels, the work and the maximum force necessary to detach 

two erythrocytes increased in both groups.  

The differences obtained between the values of work necessary to detach two 

erythrocytes from EAH patients, or from healthy donors, in the absence of fibrinogen 

should not be due to the presence of fibrinogen molecules coming from the plasma. 

Several centrifugation and washing cycles were performed before the use of the 

erythrocytes on the experiments. Some fibrinogen molecules may be attached to the 

erythrocytes surface even at 0 mg/mL of fibrinogen, but their amount should be 

considered as neglectable. The stronger erythrocyte-erythrocyte adhesion observed may 

be due to changes in the EAH erythrocytes’ membrane lipid composition and/or its 

membrane charge associated to the pathological condition, which could facilitate 

erythrocyte-erythrocyte adhesion. 

AFM also provided quantitative information on a series of small rupture steps, 

namely, jumps and membrane tethers. From the results it is clear that the relative events 

per curve for jumps and membrane tethers were higher in EAH patients compared to 

healthy volunteers. This fact is more pronounced for the number of jump events and not 

for membrane tethers. Thus, it seems that the main contributor for the increase of the 

binding between two erythrocytes from EAH patients is the interactions between 

fibrinogen molecules and its specific vβ3 integrin membrane receptor. This conclusion 

could be extracted from the number of jumps events on the force-distance retract curves 

(Figure 2b).  

In our previous work, using also AFM but not at the level of the evaluation of cell-

cell interactions, we measured the binding between fibrinogen molecules covalently 

attached to the AFM tip and erythrocytes from heart failure patients.14 We demonstrated 

that the interaction between fibrinogen and erythrocytes is strong in these patients. 

Importantly, based on a 12-month clinical follow-up, we have shown that patients with 

higher fibrinogen-erythrocyte (un)binding forces at the initial AFM evaluation had a 

higher probability of being hospitalized due to cardiovascular complications in the 

following year. 

In the present study, the fact that erythrocytes from EAH patients presented higher 

cell-cell adhesion in the presence of fibrinogen than those from healthy donors could be 
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associated with an increase of erythrocyte aggregation in these patients. Considering that 

erythrocyte aggregation is an important cardiovascular risk factor associated to the 

pathological condition49, fibrinogen “bridging” between two erythrocytes may be 

considered as a key aspect for this aggregation and, therefore, to the higher 

cardiovascular risk in EAH patients. Moreover, and having in mind our previous results14, 

AFM could be an important technique to better define the cardiovascular risk and 

facilitate the clinical prognosis for patients with cardiovascular diseases. 

Different studies reported that elevated plasma fibrin(ogen) levels significantly 

increases the cardiovascular risk.50-52 For this reason, simultaneously with the AFM 

studies, we quantified the levels of total fibrinogen and of the γ’ fibrinogen variant in the 

plasma from EAH patients. This quantification was performed to understand how and 

what type of fibrinogen molecules may lead to an increase of erythrocyte-erythrocyte 

binding in EAH patients. From the results, it was found that γ’ fibrinogen levels were 

higher in EAH patients than in healthy donors. The values obtained for EAH patients were 

above the cut-off value of 0.3 mg/mL, considered to be indicative of an increased 

cardiovascular risk.26,27 Moreover the increase of γ’ fibrinogen concentration was not 

dependent of the total plasma fibrinogen levels. Our results are in accordance with those 

of Lovely et al., who indicated that a raise in γ’ fibrinogen concentration was associated 

with an increased risk of coronary artery disease, independently of the total plasma 

fibrinogen concentration.23 On the other hand, Mannila et al. showed that plasma γ’ 

fibrinogen concentration influences the risk of myocardial infarction, and this relationship 

seems to be strengthened by the presence of an elevated total plasma fibrinogen 

concentration.25 The ratio between γ’ fibrinogen (γA/γ’ and γ’/γ’) concentrations has been 

associated to atherothrombotic disease.23,25 We expect that our present results may help 

to clarify and move further on the impact of γ’ fibrinogen on cardiovascular diseases, 

contributing to establish it as a new biomarker for cardiovascular risk. It should be 

highlighted that an accurate evaluation of the clinical prognosis of EAH patients should 

not depend only on the quantification of γ’ fibrinogen and/or of the characterization of 

erythrocyte-erythrocyte interactions. This information should be considered together 

with current state-of-the-art tests and clinical information available, in order to pinpoint 

patients at higher risk, enabling therapy optimization in order to prevent serious 

cardiovascular events. 
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The fact that erythrocytes from EAH patients in the presence of fibrinogen adhere 

more than those from healthy blood donors may be expected to lead to changes in the 

whole blood flow. At the cellular level, this could be due to the formation of a bridge of 

fibrinogen molecule(s) in between two erythrocytes, forming an erythrocyte-fibrinogen-

erythrocyte transient complex. This could lead to higher erythrocyte aggregation, which 

could represent an important risk factor for developing cardiovascular pathologies. A 

continued research into the erythrocyte aggregation as a determinant for cardiovascular 

risk is still necessary, with a particular emphasis on the discovery strategies to condition 

the fibrinogen-erythrocyte interactions, especially those evolving γ’ fibrinogen, or on the 

development of therapeutic strategies to specifically decrease the levels of this fibrinogen 

variant. These strategies could have a high impact on the reduction or prevention of 

cardiovascular pathologies.  
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Supplementary Results 

 

 

AFM cell-cell adhesion 

To better understand the shape of the distribution of the values of work and 

detachment force of the adhesion between two erythrocytes, histograms of both 

parameters were build up (Supplementary Figures S1 and S2). Comparisons between the 

histograms of the adhesion of erythrocytes from EAH patients vs. healthy donors, in the 

absence or in the presence of fibrinogen, were performed. The work and maximum force 

required to detach two erythrocytes from essential arterial hypertension (EAH) patients 

were higher than for healthy donors, at each fibrinogen concentration (from 0 to 1 

mg/mL).  

 

Supplementary Figure S1  Histograms of the work necessary to detach two 

erythrocytes on AFM cell-cell adhesion measurements. Data obtained with erythrocytes 

isolated from healthy donors (blue) and EAH patients (olive) for each studied condition: 
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(a) without fibrinogen; (b) with 0.4 mg/mL fibrinogen; (c) with 0.7 mg/mL fibrinogen; and, 

(d) with 1 mg/mL fibrinogen. 

 

 

Supplementary Figure S2  Histograms of the maximum force necessary to detach 

two erythrocytes on AFM cell-cell adhesion measurements. Data obtained with 

erythrocytes isolated from healthy donors (blue) and EAH patients (olive) for each studied 

condition: (a) without fibrinogen; (b) with 0.4 mg/mL fibrinogen; (c) with 0.7 mg/mL 

fibrinogen; and, (d) with 1 mg/mL fibrinogen. 
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Overview 
 

This Chapter encompasses mainly the investigating of the adhesion of erythrocytes 

in the presence of fibrinogen molecules in a cerebrovascular pathology. After the 

previous studies in other cardiovascular diseases, we proposed to study the fibrinogen-

erythrocyte interactions and the cell-cell adhesion in stroke patients. Hemoreological 

parameters evaluation and γ’ fibrinogen quantification were also conducted for these 

patients. As one of the most common causes of death, stroke has been considered to 

have different risks factors, including the high levels of fibrinogen in plasma. For this 

reason, we wanted to understand the influence of fibrinogen on erythrocytes adhesion in 

stroke patients, trying to reveal how this interaction could be an important risk factor of a 

worse clinical prognosis and to be considered in future clinical routine. This work is 

ongoing in the Lab in collaboration with Prof. Ana Catarina Fonseca, from Department of 

Neurology, Hospital de Santa Maria, Centro Hospitalar Lisboa Norte. At the time of the 

writing of this Thesis, a low number of samples has already been analyzed. It is our 

priority to enlarge the number of patients analyzed to be more confident on the results 

and conclusions before submitting the work for publication. Nevertheless, some 

important results were already obtained. The preliminary results showed that fibrinogen-

erythrocyte binding seems to be stronger in stroke patients than in healthy donors, 

pointing to this protein-cell interaction to be a new cerebrovascular risk factor for the 

disease. Even without circulating fibrinogen molecules, the erythrocytes from patients 

adhere more to each other than those from healthy donors.  

 

 

This work has been performed in Instituto de Medicina Molecular, Faculdade de 

Medicina, Universidade de Lisboa but also at Hospital Santa Maria, Centro Hospitalar 

Lisboa Norte. 
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Erythrocyte-erythrocyte adhesion in the of presence of fibrinogen 

on stroke 

 

Introduction 
 

The world is facing a stroke epidemic [1]. Globally, stroke has been identified as the 

second main cause of death above the age of 60 years, and the fifth leading cause of 

death in people aged 15 to 59 years old [2]. This debilitating event is increasingly 

becoming a major public health problem, leading to nearly double death by 2030 [3]. In 

the past decade, the definition of stroke has been revised and major advances have been 

made for its treatment and prevention [1]. An updated definition of this disease is an 

acute episode of focal dysfunction of the brain, retina or spinal cord lasting longer than 24 

h, or of any duration if imaging or autopsy show focal infarction or hemorrhage relevant 

to the symptoms [4]. Typical symptoms include sudden unilateral weakness, numbness, 

visual loss, diplopia, altered speech, ataxia and non-orthostatic vertigo [5]. 

The major risk factors for brain stroke have been categorized as immutable factors 

such as age, gender, race and heredity [6-8]. Hypertension, hypercholesterolemia, carotid 

stenosis and atrial fibrillation are also known to be causal risk factors for stroke. Clinical 

trials have shown that treatment of these conditions reduces the incidence of stroke [9]. 

However, many other factors have been associated, such as current smoking or alcohol 

consumption [10, 11]. After the stroke event, about 40% of survivors are disabled 

between 1 month and 5 years [12]. The case fatality rates after a stroke event are about 

15% at 1 month, 25% at 1 year, and 50% at 5 years. Moreover, after an ischemic stroke, 

the risk of recurrent stroke without treatment is about 10% at 1 week, 15% at 1 month, 

and 18% at 3 months [13]. Neurological and medical complications after stroke are a 

major cause of morbidity and mortality. Thus, it is urgent to anticipate, prevent and 

manage appropriately these events on patients.  

The evaluation of novel risk factors can help to identify individuals at higher 

cerebrovascular or cardiovascular risk. The prevention of these events focuses on 
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identifying and managing risk factors, both on all the population and at individual levels, 

through primordial, primary and secondary prevention. 

Some studies associated high levels of fibrinogen in blood plasma with a wide 

variety of thrombotic diseases, including stroke [14]. Fibrinogen has been identified as a 

major independent risk factor for cardiovascular disease [15] and should be consider for 

screening programs, identifying individuals at high risk for cardiovascular diseases [16, 

17]. High fibrinogen levels promote fibrin formation, which is a major contributor to 

plasma viscosity [18]. Thus, increased levels of plasma fibrinogen result in changes on 

blood rheological properties, and these alterations intensify the complications in 

peripheral blood circulation during cardiovascular pathologies [19]. Erythrocyte 

aggregation is also important to understand the risk of primary and secondary 

cardiovascular events. Therefore, the interaction between fibrinogen and erythrocytes 

could be an important indicator of cardiovascular risk.  

Our previous studies presented atomic force microscopy as a tool to evaluate 

cardiovascular risk in patients. We observed that the average force necessary to break the 

bond between fibrinogen and erythrocytes from chronic heart failure (CHF) patients was 

higher than for erythrocytes from healthy donors [20]. In more detail, we studied two 

different etiologies of CHF patients (ischemic and non-ischemic) and the strongest 

fibrinogen-erythrocyte interactions were measured for ischemic CHF patients, followed 

by non-ischemic CHF patients and finally by healthy control subjects [20]. After these 

findings, we proposed to do similar studies on the context of cerebrovascular pathologies, 

namely stroke. 

In this study, an extensive clinical and hemorheological evaluation of stroke patients 

will be performed and the results combined with those achieved by AFM-based force 

spectroscopy (both fibrinogen-erythrocyte interaction and erythrocyte-erythrocyte 

adhesion measurements). The results obtained from these patients will be also matched 

with those obtained for healthy blood donors, to evaluate pathology-associated 

differences, and trying to assess the erythrocyte hyperaggregation induced by increased 

plasma fibrinogen. In more detail, it will be checked in vitro if these patients have 

increased fibrinogen-erythrocyte and erythrocyte-erythrocyte adhesion, relative to 

healthy donors, in the absence or in the presence of the same concentration of 

fibrinogen. The results obtained for these patients may be relevant to conclude on the 
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degree of pathophysiological relevance of fibrinogen on erythrocyte aggregation, since an 

increment on both is expected to induce changes on normal blood flow. Additionally, they 

will help us to understand the impact of this interaction as a cerebrovascular risk factor. 

As fibrinogen is an essential protein on this mechanism, it may become an important 

therapeutic target for cerebro/cardiovascular diseases. 

On the following pages, there is a detailed description of the methods and the 

preliminary results achieved so far on this new project. Six stroke patients were assessed. 

This number is currently being increased. Our objective is to reach a group of at least 30 

stroke patients. 
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Methods 
 

The methods performed for this section were optimized and described in the 

previous Chapters. Namely, the protein-cell interactions procedure is in Chapters V and 

VI, the cell-cell adhesion protocol can be found in Chapter VII, the hemorheological 

parameters determination procedures are explained in Chapters V and VI, and for the 

quantification of γ’ fibrinogen we used the protocol described in Chapter VII. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

315 
 

Preliminary results 
 

At the time of the writing of this Thesis, we still had not received from our clinical 

collaborators from Hospital Santa Maria, Prof. Carlos Moreira, Prof. Ana Catarina Fonseca 

and Prof. José Ferro (Department of Neurology) the clinical data of each stroke patient 

included on the study. Presently, this work is ongoing and, in collaboration with the 

participating clinicians, we will study a larger number of patients, trying to prove our 

hypothesis. Until now, different techniques were performed for each patient, evaluated 

less than 48 h after an ischemic stroke. 

From AFM-based force spectroscopy experiments to assess fibrinogen-erythrocyte 

binding, it could be observed that stroke patients tend to have higher (un)binding forces 

than the control group (67.5 ± 20.3 pN vs. 40.4 ± 3.0 pN; Figure 1a), despite lower binding 

frequency (9.2 ± 2.8 % vs. 27.3 ± 4.2 %; p = 0.017; Figure 1b). It means that, on stroke 

patients, the erythrocytes seem to bind to fibrinogen molecules with higher strength, but 

with a lower probability for the binding to occur, when compared to healthy donors.  

 

Figure 1  AFM-based force spectroscopy data for the fibrinogen-erythrocyte 

interactions. Fibrinogen-erythrocyte binding force (a) and frequency (b) on erythrocytes 

from stroke patients (n=6) and healthy donors control group (n=15). Data are represented 

as box and whiskers plots, with median, maximum and minimum values. Statistical values: 

*, p=0.017. 

 

From the cell-cell adhesion data, it was possible to observe that the work necessary 

to detach one erythrocyte from another was higher for stroke patients than for the 
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control group, without fibrinogen addition (2.86 ± 0.29 fJ vs. 0.48 ± 0.04 fJ; p<0.0001; 

Figure 2a).  

 

Figure 2  AFM-based force spectroscopy erythrocyte-erythrocyte adhesion data 

measured with increasing fibrinogen concentrations. Work (a) and detachment force (b) 

necessary to break the adhesion between two erythrocytes from stroke patients (n=6) 

and from healthy donors (n=15). Small events of force: relative events of jumps (c) and of 

membrane tethers (d) formed after the binding between two erythrocytes from stroke 

patients and from control. Values are in mean ± SEM. Statistical values: ***, p<0.0001. 

 

For healthy donors, when increasing fibrinogen concentrations, the work necessary 

to detach two cells increased. This increment in erythrocyte-erythrocyte adhesion was 

not observed for stroke patients. The maximal force was also determined by the 

difference between the baseline and the point of the minimum negative deflection of the 

cantilever on a force-distance curve. Values of erythrocyte-erythrocyte maximum 

detachment force were also higher for stroke patients, when compared to healthy 

donors, both in the absence of added fibrinogen and in the presence of 1 mg/mL of 

fibrinogen (103.0 ± 0.03 pN vs. 70.20 ± 0.23 pN without fibrinogen, p<0.0001; and, 152.4 

± 0.24 pN vs. 137.0 ± 0.89 pN with 1 mg/mL of fibrinogen, p<0.0001; Figure 2b). 



 
 

317 
 

Identically to the work values, looking at the detachment force, it can be noticed that 

when fibrinogen concentration increases, there is a concomitant increase on erythrocyte-

erythrocyte adhesion, being this effect more pronounced on the control group. From the 

force-distance curve, it was also possible to quantitatively evaluate small events of forces 

(jumps and membrane tethers), which are important to understand the cell-cell adhesion 

process. The erythrocytes from stroke patients have more relative events of jumps/curve 

than the control, both in the absence and presence of fibrinogen (Figure 2c). In addition, 

the number of membrane tethers formed during erythrocyte-erythrocyte detachment in 

the absence of added fibrinogen is higher on stroke patients than for the control group 

(Figure 2d). However, in the presence of 1.0 mg/mL of fibrinogen the results revealed the 

opposite trend.  

Knowing that increasing fibrinogen levels can result in changes in blood rheological 

properties and this could complicate the normal blood flow, we quantified the fibrinogen 

levels in both groups. Regarding plasma total fibrinogen concentration, both groups were 

within the normal range of 180 to 350 mg/dL [21]. Despite this fact, fibrinogen levels on 

stroke patients were higher than in healthy donors (290.7 ± 19.3 mg/dL vs. 246.6 ± 11.0 

mg/dL), but the difference was not statistically significant (Figure 3a).  

 

Figure 3  Fibrinogen quantification on each studies group. Total plasma fibrinogen 

concentration (a), γ’ fibrinogen variant concentration (b), and ratio between γ’ fibrinogen 

and total fibrinogen concentrations (c) quantified for stroke patients (n=6) and healthy 

control group (n=47). Values are presented as box and whiskers plots, including median, 

maximum and minimum values. Statistical values: ***, p=0.0004; * p=0.410. 

 

Using an ELISA kit (Gamma Couer ELISA kit, Gamma Therapeutics, Portland, OR, 

USA), it was possible to quantify the γ’ fibrinogen variant concentration in the blood 
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plasmas from both groups (Figure 3b). Values above the cut off value (>30 mg/dL, 

represented by grey dashed line, Figure 3b) may be indicative of increased risk of 

cardiovascular disease. It can be noticed that stroke patients have higher concentration of 

γ’ fibrinogen in plasma than the control group, with values well above the cut off value 

(54.6 ± 7.3 mg/dL vs. 34.4 ± 1.7 mg/dL, respectively; ***, p=0.0004). The ratio between γ’ 

fibrinogen and total fibrinogen concentrations (Figure 3c) of stroke patients was 

significant higher than for the control group (18.95 ± 2.37% vs. 14.10 ± 0.78%; *, 

p=0.0410). The normal percentage of γ’ fibrinogen in human plasma is approximately 15% 

[22], which is similar to the values obtained for the healthy donors. The increased γ’ 

fibrinogen levels may therefore be associated with the increased cardiovascular risk of 

these patients. 

In parallel with the analysis of force spectroscopy data and fibrinogen 

quantification, the evaluation of hemorheologic parameters (namely, erythrocyte 

deformability, erythrocyte aggregation and whole blood viscosity) was performed for 

both groups. Erythrocyte deformability was determined by exposing the cell to different 

values of shear stress, varying between 0.3 and 60.0 Pa. When compared with the control 

group, stroke patients had higher erythrocyte deformability at lower shear stress values 

(0.3 to 1.2 Pa; p<0.02), but lower deformability at higher shear stress (12 to 60 Pa; 

p≤0.0233; Figure 4a). 
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Figure 4  Hemorheologic parameters determined for stroke patients (n=6) and 

healthy control donors (n=65). (a) Erythrocyte deformability, assessed as erythrocyte 

elongation index, at different shear stress values. Values are presented as mean ± SEM. 

(b) Erythrocyte aggregation, measured during 5 s, as a function of the addition of 

different fibrinogen concentrations. Values are presented as mean ± SEM. (c, d) Native 

whole blood viscosity at low (22.5 s-1, c) and high (225 s-1, d) shear rates. Values are 

presented as box and whiskers plots, including median, maximum and minimum values. 

Statistical values: **, p=0.0017; *, p≤0.0233. 

 

Erythrocyte aggregation was measured by the infrared light transmission through a 

whole blood suspension, at stasis during 5 s (Figure 4b) and 10 s (data not shown), in the 

absence of added fibrinogen and after the addition of different fibrinogen concentrations, 

up to 80.0 mg/dL. There were no statistically significant changes on erythrocyte 

aggregation between these groups. 

Whole blood viscosity was measured in blood from stroke patients and control 

group at low (22.5 s-1) and high (225 s-1) shear rates, both at native hematocrit conditions 

(Figure 4c and 4d) and after correction of the hematocrit to 45% (data not shown), at 

37C. Stroke patients seem to have a tendency for higher whole blood viscosity (at native 
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conditions) than the control group, both at low and high shear rates (Figure 4c and 4d); 

however, the variations were not statistically significant.  

As previously indicated, these preliminary results were obtained for a small group of 

stroke patients (n = 6). This project is currently ongoing, enlarging the number of enrolled 

patients. 
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Discussion 
 

The aggregation/adhesion of erythrocytes is a reversible phenomenon that occurs 

with macromolecules bridging the surfaces of adjacent cells. It is influenced by the 

shearing force of blood, the properties of erythrocytes (hematocrit, deformability, surface 

charge and shape) and the bridging force of high molecular weight plasma proteins. The 

presence of increased concentrations of acute phase proteins, particularly fibrinogen, 

leads to enhanced erythrocyte aggregation by such bridging [23, 24]. The major 

achievement of this work was to study erythrocyte aggregation and its interactions with 

fibrinogen molecules, in one of the most prevalent cerebrovascular disease, stroke.  

Atomic force microscopy was used to measure fibrinogen-erythrocyte interactions 

and erythrocyte-erythrocyte adhesion, in the presence of different fibrinogen 

concentrations. Hemorheologic parameters and fibrinogen concentration were also 

quantified. 

AFM force measurements of ligand-receptor interaction can be used to determine 

the dynamic strength of a complex [25]. In this study, we examined the interaction 

between the erythrocyte presenting a particular receptor and fibrinogen. Fibrinogen-

erythrocyte interactions are modified in stroke patients. Atomic force microscopy-based 

force spectroscopy measurements, at the single-molecule level, showed that there is a 

strongest fibrinogen-erythrocyte binding in stroke patients than in the control, despite its 

lower binding frequency, as we reported for other cardiovascular pathology [20]. 

Furthermore, AFM can also be used to study erythrocyte’s adhesion properties [26]. Cell 

adhesion experiments allowed the acquisition of both single-molecule measurements, 

like in above-mentioned studies, as well as multiple-bond interactions. These data 

provided information about the individual bonds as well as the force and work required 

to break apart the entire complex. Thus, combining single-molecule and multiple-bond 

data allows us to describe the thermodynamic model of the separation of a particular 

complex in addition to the mechanism of its action on the cellular scale [25, 27]. The 

adhesion between erythrocytes was also increased on these patients. It was also clear 

that in healthy donors, increasing fibrinogen concentrations, the work necessary to 

detach one erythrocyte from another increases, highlighting the important role of 
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fibrinogen on erythrocyte aggregation. Erythrocyte-erythrocyte adhesion data showed 

that, with increasing fibrinogen concentrations, the maximum force necessary to detach 

two erythrocytes was increased. Thus, erythrocytes from stroke patients have higher 

tendency to aggregate.  

The hemorheologic parameters of stoke patients seem to be altered, potentially 

promoting changes on blood flow. Specifically, we observed statistically significant 

changes on erythrocyte deformability. We observed an increased deformability in larger 

vessels, while for smaller vessels the erythrocyte deformability was lower for patients 

than for healthy donors, as we previously reported for chronic heart failure patients [20]. 

Additionally, these patients had an increase of the plasma γ’ fibrinogen concentrations. γ’ 

fibrinogen has been studied as a possible risk factor for thrombosis [28, 29]. γ’ fibrinogen 

levels had been linked with cardiovascular diseases, such as coronary heart disease [30], 

heart attack [31] and stroke [32]. All these alterations lead us to conclude that the blood 

samples from stroke patients tested are associated to significant risk factors for a bad 

clinical prognosis. It should also be taken into consideration that the binding between 

fibrinogen and erythrocyte may be used as a new cerebrovascular risk factor for stroke. 

The results obtained might be relevant to conclude on the degree of pathophysiological 

relevance of fibrinogen and erythrocyte aggregation, since an increment on both might 

induce a state of hyperviscosity and a reduction of the microcirculatory blood flow. As 

fibrinogen is an essential protein for this mechanism, it might become an important 

therapeutic target for the reduction of stroke events. However, it is crucial to enlarge the 

number of patients engaged on this study to further support our conclusions. 
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Integrated discussion 
 

The main goal of this discussion is to integrate all background knowledge and the 

most recent findings (highlighted on Chapter I) with all the work obtained during my PhD 

and presented in this Thesis. The preceding knowledge and the work previous done in the 

group originated new and pertinent questions and hypothesis to be tested, many of 

which constituting the purpose of my PhD Thesis research. The main aims that we 

proposed to investigate (vd. “Aims of the project” in Chapter I) were: i) to understand the 

effect of human plasma fibrinogen variants and erythrocytes on in vivo fibrin clots; ii) to 

characterize the fibrinogen binding sites for its receptor on erythrocytes iii) to complete 

the identification of the fibrinogen receptor on erythrocytes; iv) to understand the 

influence of fibrinogen on erythrocyte-erythrocyte adhesion; and, the major goal and the 

main focus of this Thesis, v) to evaluate the interaction between fibrinogen and 

erythrocytes in healthy and pathological conditions, pinpointing patients with increased 

cardiovascular or cerebrovascular risk. 

The identification of clinically applicable new biomarkers would help to screen for 

and to diagnose cardiovascular diseases, monitor disease severity and its progression, and 

to evaluate the response to therapy1. Based on the results presented on this Thesis, the 

obvious association between erythrocyte and fibrinogen is compelling, and certainly 

warrants further investigation as a clinical prognosis biomarker. Certainly, the 

pharmacological therapies to inhibit this binding will aim at both the treatment and 

prophylaxis of CVD improving cardiovascular risk prevention and also assisting Clinician in 

making decisions concerning patients at higher risk for specific diseases.  

In each Chapter, the results obtained and a detailed discussion were presented 

according to the proposed goals. In this Chapter, the discussion of all the subjects was 

integrated and the main conclusions presented. 

 

Erythrocytes and γ’ fibrinogen change the structure as well as the behavior of 

fibrin clots 

 

Although recent data demonstrate that there is a close association between high 

fibrinogen levels and cardiovascular diseases2-6, further studies must be carried out taking 
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into account the different fibrinogen variants in each individual. Human plasma 

fibrinogen includes an alternatively spliced variant (γ’ fibrinogen) which mainly exist as a 

heterodimer7, 8 and it has been associated with cardiovascular diseases9-11. As the direct 

effect of γ’ fibrinogen on fibrin formation and structure has so far been unknown or not 

totally clarified, especially in the presence of the most common cells in the blood 

(erythrocytes), from a clinical perspective, the study of the properties of in vivo blood 

clots is an extremely important area.  

To conduct these studies, we used commercial but also recombinant plasma protein 

once it was not possible to isolate the γ’/γ’ variant from commercial fibrinogen due to the 

low amount available (~1%). Using these isolated proteins, we were able to compare 

molecules that differed only by the presence or absence of the γ’ chain in one or both 

half-molecules. One of the aims of this study was to study properties of the clots formed 

with purified γAγ’ and γAγA fibrinogen to understand the effect of γ’ chain on hemostasis 

or thrombosis, according to the work described in the Chapter II. Using anion-exchange 

chromatography, these fibrinogen variants were purified. This work used multiple 

complementary techniques in order to study structural, viscoelastic and biophysical 

properties of the clots. The binding between fibrinogen and erythrocytes was also 

evaluated using AFM. Our observations have provided evidence that erythrocytes are 

important players in hemostasis and thrombosis, in accordance with the studies from 

other groups12, 13. Clearly, our results showed that erythrocytes promote variability in the 

fibrin network structure and in overall clot properties. In the presence of the γ’ chain of 

fibrinogen, the erythrocyte-erythrocyte detachment was higher at low concentrations of 

γAγ’ fibrinogen, leading to changes on the function and properties of the clots. The 

presence of erythrocytes also increased the stiffness of γAγ’ fibrin clots, which are less 

permeable and more resistant to lysis than γAγA fibrin clots. Thus, clots with γAγ’ 

fibrinogen seem to interact differently with erythrocytes and, eventually alter the risk of 

thrombotic diseases.  

After that, we went a step further in order to understand the impact of γ’γ’ 

homodimer fibrinogen on the structure and on the properties of the fibrin clots in the 

presence of erythrocytes, compared to the common variant γAγA fibrinogen (Chapter III). 

Prior to proceeding onto a comprehensive study of the behavior of these fibrin clots and, 

in order to achieve our goals, we produced the recombinant homodimer γ’γ’ fibrinogen. 
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Using this fibrinogen variant, an increase of the binding force and of the frequency of the 

binding to erythrocytes were reported, which could promote cell aggregation. Still in the 

fibrin clot structure, we observed alterations in the presence of γ’γ’ fibrinogen, compared 

to the recombinant common variant, γAγA, such as more branching, larger porosity and 

less dense fibers, displaying a non-uniform fibrin network. In the presence of 

erythrocytes, γ’γ’ fibrin clots were more viscous than with γAγA. Moreover, the 

fibrinolysis of γ’γ’ fibrin clots with erythocytes took longer than without these cells. 

Computational analyses of both fibrin models reinforce these findings. The full length of 

the γ’ chain structure occupies a much wider surface and is more flexible when compared 

to the γA chain prediction. Thus, it allows an increase of the binding between γ’ fibers 

(and, eventually their binding to erythrocytes), possibly in a context of a transient 

interaction due to the high flexibility of the γ’ chain C-terminal. All data combined show 

the impact of γ’ fibrinogen on the binding to erythrocytes, leading to an altered fibrin clot 

and the importance of erythrocytes as complements of the complex reactions of clot 

formation. 

 

Fibrinogen α94RGD97 sequence is involved on erythrocyte binding 

 

The fibrinogen molecule has three potential integrin binding sites: two RGD 

(arginine-glycine-aspartic acid) amino acid residues sequences within the Aα chain and a 

12 amino acids (dodecapetide) sequence on the γ chain but can also interact with cells 

through nonintegrin receptors14. In order to identify the interaction sites of fibrinogen 

with the human erythrocyte receptor, different fibrinogen mutations were produced, 

specifically altered on the described integrin binding sites of the Aα chain (D97E, D574E 

and D97E/D574E double mutant), produced according to established procedures15, 16. 

Thus, besides using wild-type fibrinogen, we conducted force spectroscopy 

measurements using AFM to determine the force necessary to break the bond between 

each fibrinogen mutant (attached to the AFM tip) and erythrocytes (adhered to poly-L-

lysine treated glass slides). According to the data reported in Chapter IV, we observed a 

significant decrease on fibrinogen-erythrocyte binding force and on its frequency in the 

presence of fibrinogen with an Aα chain mutation on residue 97 from aspartic acid to 

glutamic acid, D97E, indicating that the corresponding RGD sequence (residues 95-97) 
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may be involved on this interaction. On the scanning electron microscopy micrographs 

obtained in the presence of D97E fibrin clots, we did not find significant differences, 

compared to the common variant. However, the addition of erythrocytes promoted 

highly structurally arranged clots. This indicates that the main effect is due to the binding 

to the erythrocytes and it is not caused by differences on fibrin polymerization of this 

variant. These results allowed us to understand a little better the fibrinogen domains 

involved on its interaction with the receptor on the erythrocytes. However, further 

studies are required to fully understand the specific fibrinogen binding sites involved on 

its interaction with erythrocytes. During my visit to the University of Leeds, we started to 

produce other fibrinogen variants with three different mutations in and near the RGD 

sequence: mutation from arginine to glutamamine R95Q, aspartate to asparagine D97N 

and phenylalanine to isoleucine F98I. We hope that these new fibrinogen variants will 

help to clarify, using different approaches, which sequences of the fibrinogen molecule 

interact with the erythrocyte membrane and the impact of the mutations on the fibrin 

clot. 

 

αVβ3 integrin is the receptor for fibrinogen on the erythrocyte membrane 

 

Fibrinogen-induced erythrocyte hyperaggregation has previously been associated to 

a nonspecific binding mechanism17, 18. However, the published data on the changes in 

erythrocyte aggregation during hypertension points to the possible existence of other 

mechanisms19. In a previous study, we reported the existence of a specific binding 

between fibrinogen and an unknown receptor on the human erythrocyte membrane with 

a lower but comparable affinity relative to platelet binding, which interaction seemed to 

be calcium ion dependent and inhibited by the eptifibatide (an inhibitor of the αIIbβ3 

integrin)20. As a negative control for this study, cells from a patient with Glanzmann 

thrombastenia (a rare hereditary bleeding disease caused by αIIbβ3 deficiency) were 

collected. This patient presented a pathogenic mutation in the ITGB3 gene, which was 

previously described as causing this disease, due to a nonfunctional expression of the 

glycoprotein αIIbβ3. Results obtained for Glanzmann Thombastenia patient showed an 

impaired fibrinogen-erythrocyte binding. It was demonstrated, correlating these data 

with genetic sequencing, that one of the units of the fibrinogen receptor on erythrocytes 
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is also a product of the expression of the β3 gene, found to be mutated in this patient. 

After these experiments, we concluded that the β3 chain is part of the receptor for 

fibrinogen on the erythrocyte membrane20. In our recent data reported in Chapter V, 

antibody inhibition studies, lead to a decrease of the binding force, particularly with the 

antibody against αVβ3 integrin. Combining these data with our previous results, we 

proposed that the receptor for fibrinogen on erythrocyte membrane is the integrin αVβ3. 

The same receptor for fibrinogen was identified on endothelial cells21, 22. The knowledge 

of the receptor may open important doors to innovative therapeutic drugs to inhibit this 

binding, in order to decrease erythrocyte hyperaggregation and improve blood flow 

conditions. For instance, eptifibatide, the inhibitor of αIIbβ3 integrin is already used in 

hospital settings to reduce platelet hyperaggregation23, 24. 

 

Fibrinogen-erythrocyte interaction as a cardiovascular risk factor 

 

After the characterization of the fibrinogen-erythrocyte binding and the adhesion 

between these cells, we wanted to know more about this interaction in cardiovascular 

patients.  

Atomic force microscopy-based force spectroscopy measurements showed, at the 

single molecule level, that fibrinogen-erythrocyte binding forces were increased in 

patients with chronic heart failure (Chapter V), essential arterial hypertension (Chapter 

VI) and preliminary results displayed higher binding forces also in patients who suffered a 

stroke (Chapter VIII). Despite a higher binding force observed, data displayed lower 

binding frequency. The reasons for this observation are still not clear and further studies 

will be necessary.  

In the chronic heart failure study, we found that patients who presented higher 

binding forces at the beginning of the study had higher probability of being hospitalized in 

the following year due to cardiovascular complications. This shows the value of this 

approach as a potential clinical prognosis biomarker. Thus, the results presented through 

this Thesis, along with some other published work20 showed that the fibrinogen-

erythrocyte interaction appears to have an important prognostic value in patients with 

chronic heart failure25 and may be useful in the prognosis of other cardiovascular and 

cerebrovascular diseases. Clearly, continued research into the prothrombotic nature of 
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both erythrocytes and fibrin(ogen) is necessary, with a particular emphasis on the 

physical and biochemical interactions between erythrocytes and fibrin(ogen). Disrupting 

the interaction between fibrin(ogen) and erythrocytes in venous thrombi, knowing its 

membrane receptor has a high potentially therapeutic value for reducing cardiovascular 

diseases-related squeals. To evaluate this binding in other pathologies may also have an 

great impact in clinical routine prognosis, both for clinicians and patients. 

 

Adhesion between erythrocytes is influenced by fibrinogen levels 

Increased fibrinogen concentrations18 and erythrocyte aggregation26 have been 

considered as factors that significantly increase the risk of cardiovascular and 

cerebrovascular diseases. Erythrocyte aggregation has become an issue of increasing 

interest due to its pathogenic implications on thrombus formation, both at venous and 

arterial levels. This parameter is used especially to assess the risk of primary or secondary 

cardiovascular events27. Here, we showed, at the single cell level and using a powerful 

new accessory of the AFM (CellHesion module), that the increase of erythrocyte adhesion 

is partially due to an increase of the plasma concentration of fibrinogen (Chapter VII). 

Arterial essential hypertension patients presented higher adhesion forces compared to 

healthy donors, even without fibrinogen. This may be due to changes on its membrane 

composition and/or charge, which could facilitate erythrocyte-erythrocyte adhesion. This 

fact is worth of being addressed in the near future. The higher adhesion forces promoted 

by circulating fibrinogen levels could be an important factor for increased erythrocyte 

aggregation and consequently, impairment of the microcirculation. 

 

γ’ fibrinogen levels are increased in cardiovascular and cerebrovascular diseases 

 

Many epidemiological studies have shown the association between total fibrinogen 

levels and cardiovascular diseases28-30. Studies have shown that a first-order relationship 

exists between fibrinogen concentration and fibrinolysis rate31, suggesting that elevated 

fibrinogen levels may actually cause thrombosis by slowing fibrinolysis32. However, 

possible mechanisms by which fibrinogen may contribute to cardiovascular diseases 
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continue to be a subject of controversy. Higher levels of γ’ fibrinogen have also been 

found among individuals with some pathological conditions9, 11, 33-35. Notwithstanding, this 

association is not clear, as some studies showed an inverse association with γ' fibrinogen 

levels and the development of the disease36. In our study, high concentrations of this 

fibrinogen variant (γA/γ’ and γ’/γ’) were found in plasma from essential arterial 

hypertension (Chapter VII) and stroke patients (Chapter VIII), when compared to healthy 

blood donors. We hypothesize that increasing γ’ fibrinogen levels in plasma from EAH and 

stroke patients could influence the adhesion between erythrocytes, increasing their 

aggregation. Cell-cell adhesion experiments were performed with wild-type plasma 

fibrinogen, and even so, higher cell-cell adhesion of erythrocytes from EAH patients was 

observed. It is expected that in a pathological condition, with high levels of γ’ fibrinogen 

variant circulating in the plasma of the patient, the adhesion between erythrocytes could 

increase. These aspects will be the matter of study in the close future. γ' fibrinogen could 

be an effective newly-emerging cardiovascular disease risk factor that seems to have an 

association with CVD independent from that of total fibrinogen. This variant has several 

biochemical and biophysical features that distinguish it from γAγA fibrinogen and these 

properties, such as, highly resistance to fibrinolysis and altered clot structure may actually 

contribute to thrombosis32. 

 

Clinical and hemorheological parameters altered in the disease 

 

Patients attending to the hospital regularly and the close collaboration with 

clinicians allow us to evaluate patients at different levels and at different times, trying to 

correlate all clinical information with our data whenever possible. 

In order to evaluate the unfavorable hemorheological factors in our population, we 

analyzed different parameters in patients and healthy individuals. Changes on whole 

blood viscosity, erythrocyte aggregation and erythrocyte deformability were observed in 

all patients (Chapters V, VI and VIII). The results obtained for chronic heart failure patients 

showed that, at 45% hematocrit, patients as a whole presented higher whole blood 

viscosity, mainly the non-ischemic ones. Both patient groups (ischemic and non-ischemic 

etiology) displayed higher deformability than the control group at low shear stress, but 

lower deformability at higher shear stress, which could eventually contribute to the 
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blocking of an artery or vein downstream, compromising the circulation. These results are 

detailed in Chapter V. We also observed differences on elasticity or stiffness (Young’s 

modulus) of the erythrocytes isolated from each patient (Chapter V, VI and VIII). For 

instance, we observed an increased cell stiffness (or decreased elasticity) on both groups 

of CHF patients, with the larger variation being observed, for the non-ischemic patients. 

For EAH patients, a decreased elasticity of the erythrocytes was observed compared to 

the healthy donors. 

 

AFM as a powerful nanomedicine tool 

 

The use of nanotechnologies for medical applications raises high expectations. 

Particularly, there is an increasing number of reports using AFM as a nanomedicine tool 

20, 37-39. AFM-based force spectroscopy measurements are becoming increasingly common 

and easier to handle, which also allows for their wider use in several areas. This is of 

special importance for biomedical studies, since a detailed understanding of the 

molecular mechanisms involved in health and disease are crucial for the future 

development of novel protein-targeted drugs and treatments. Protein-cell interaction and 

cell-cell adhesion measurements seem to have huge medical applications, besides the 

applicability reported for basic research 40, 41.  

Using this methodology, we studied the interaction between fibrinogen molecules 

and erythrocytes in order to understand the observed increase of erythrocyte 

aggregation on the patients with some cardiovascular risk factors. Thus, we showed the 

immense potential of AFM as a bench-top technique of undeniable value for the study of 

biologically relevant samples, such as blood samples. Its ability to early detect such 

alteration on the binding between fibrinogen and erythrocytes in healthy and disease 

conditions has opened up the exciting prospective of using a simple nanodevice as a 

clinical screening tool. As we previously showed, AFM-based force spectroscopy is highly 

sensitive, rapid and low operation cost nanotool 20. Moreover, a great advantage of AFM 

is that only small amount of biological sample (~ 1 µl of erythrocytes) is required. This has 

allowed methodologies to be readily applied to biological systems, such as single 

molecules and living cells. Moreover, AFM measurements can also be performed in 

physiological environments. Further research is warranted to develop a user-friendly in 
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situ AFM setup that will allow a direct and more precise prognosis and screening of 

cardiovascular patients. 
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Final remarks and future directions  
 

 

At the end, with the major results described on the manuscripts included on this 

Thesis, we concluded that the main goals were successfully achieved (please consult 

“Aims of the project”, in Chapter I). In the present Thesis we have demonstrated, for the 

first time, the increase of fibrinogen-erythrocyte binding forces in patients with 

cardiovascular diseases and the potential of this approach as a clinical prognosis 

biomarker. Future directions are already designed in close collaboration with clinicians 

from Centro Hospitalar Lisboa Norte and from other hospitals. First of all, we will go 

further in our study with patients who suffered a stroke, enlarging our population, in 

order to increase the confidence on our results. Other pathologies, such as myocardial 

infarction will be studied, involving as many patients as possible, in order to optimize and 

validate the force spectroscopy method. In those cases, the fibrinogen-erythrocyte 

binding will be evaluated, but also erythrocyte adhesion by cell-cell interaction studies. All 

patients will be clinically evaluated in close collaboration with specialized cardiologists. 

Clinical follow-up studies will be also conducted and all results will be matched with those 

obtained for healthy donors.  

At this stage, we identified new approaches we would like to conduct and new 

exciting ways to explore them. Thus, several questions to address emerged. 

Recent data suggest a new role for erythrocytes in hemostasis and thrombosis, 

driven through interactions of erythrocytes with fibrin(ogen). A better understanding of 

the fibrin(ogen)-erythrocyte binding sites could give us new insights to overcome this 

binding. On the University of Leeds, in collaboration with Prof. Robert Ariёns, we started 

to produce new fibrinogen variants, with different mutations on the Aα-chain to conclude 

the characterization of the fibrinogen binding sites to its erythrocyte receptor. Our goal is 

to investigate the role of the fibrinogen Aα-chain 95RGD97 sequence, which is located in 

the coiled coil region of the protein, in the binding of fibrinogen to its erythrocyte 

membrane receptor. For that, three different mutations on the fibrinogen protein are 

being produced, in or near the RGD sequence: R95Q, D97N and F98I. At this level, the 

recombinant proteins have already been analyzed by SDS-PAGE, circular dichroism (CD) 

and turbidity, for their basic structure/function and comparison to the wild type. An 
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fibrinogen-erythrocyte binding assay (ELISA) with a specific αV antibody was also 

developed to study the binding between fibrinogen and erythrocytes. Some preliminary 

results have already been obtained. The SDS-PAGE analysis showed high integrity and 

purity of the proteins, but the mobility of the Aα-chains appeared slightly affected, 

indicating some differences in polypeptide folding for all mutations. CD spectra confirmed 

minor differences on the α-helical content for each mutation. Turbidity analysis showed 

reduced maximum absorbency for each fibrinogen mutant compared to the wild type, 

which is indicative of thinner fibers. Erythrocyte binding was increased in the presence of 

the F98I fibrinogen mutation, and reduced on the D97N fibrinogen variant, but not on the 

R95Q. Erythocyte binding was inhibited by an anti-αV antibody, but not by an non-

immune IgG. The results indicate a role for the fibrinogen α95RGD97 sequence in 

erythrocyte binding, and that the binding is medidated by the αVβ3 receptor as we already 

proposed25. However, we would also like to understand the impact of these mutations on 

a fibrin clot in the presence and in the absence of erythrocytes. Hence, new experimental 

approaches will be performed, such as magnetic tweezers, permeability studies, confocal 

and scanning electron microscopy. 

Another question emerged from the results of this Thesis: atherosclerotic plaques 

can cause stenosis, embolization and thrombosis and have been associated with 

increased serum levels of fibrinogen42-44. Peripheral vascular disease (PVD) affects 3 to 

10% of the Portuguese population45. It is an abnormal condition of the blood vessels, 

which become completely or partially blocked as a result of atherosclerosis. Establishing 

the diagnostic, extent and severity of vascular diseases, as well as determining the 

mechanisms underlying the potential risk of recurrence of thromboembolic events, are 

crucial steps toward improving patient clinical diagnosis and prognosis. New methods to 

detect early molecular changes in tissues or changes in normal blood flow before clinical 

symptoms of vascular disease appear, without invasive interventions, are of paramount 

importance. Fibrinogen and erythrocyte aggregation may have a central role on the 

mechanism of thrombosis and coagulation. As increased levels of plasma fibrinogen 

results in changes in blood rheological properties, such as increased erythrocyte 

aggregation, the role of fibrinogen on increasing erythrocyte aggregation may be a good 

candidate as a biomarker of assessment of the risk of thromboembolic events. Thus, in 

the future, we intend to study the molecular interactions of fibrinogen with erythrocytes 
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in vascular thromboembolic diseases as a new approach for early identifying patients with 

higher risk of development of the disease. We will do this by taking advantage of the 

acquired knowledge and the results previously obtained by us 20, 25, 46, mainly using AFM-

based force spectroscopy. A more specific goal is to conduct follow-up studies of patients 

with deep vein thrombosis (DVT), focusing on the changes on erythrocyte-erythrocyte 

adhesion and on the fibrinogen-erythrocyte interactions. Additionally, we want to 

quantify the plasma γ’ fibrinogen levels on DVT patients. Other goal will be to perform 

functional cell-based assays to mimic the in vivo blood flow in healthy and vascular 

disease.  

Finally, our promising aim is to identify which drug(s) may be successfully used to 

overcome the risks of fibrinogen-driven erythrocyte hyperaggregation associated to the 

inhibition of the fibrinogen-erythrocyte binding, preventing cardiovascular diseases.  

 

 

 

A new area of therapeutics is emerging right now, with the promise and ambitious 

goal of modulating the fibrinogen-erythrocyte binding. Altogether, the knowledge 

gathered and the hypothesis formulated on this Thesis are certainly of great interest, not 

only for a better understanding the fibrinogen-erythrocyte interaction, but also for future 

drug developments strategies in order to overcome erythrocyte hyperaggregation, a 

cardiovascular risk factor for different pathologies.  
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Supplementary methods 

 

Purification of γAγA and γAγ’ fibrinogen 

The variants were separated by chromatography on DE-52 resin using an AKTA Avant 25. 

Before chromatography, fibrinogen was dissolved in equilibration buffer (39 mM Tris, 5 

mM H3PO4, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine and 5 mM 

ɛ-aminocaproic acid, pH 8.6). Elution of the fibrinogen variants was established by a 

concave gradient from equilibration buffer toelution buffer (0.5 M Tris, 0.65 M H3PO4, 0.5 

mM PMSF, 1 mM benzamidine and 5 mM ɛ-aminocaproic acid, pH 4.2). Fractions 

containing γAγA and γAγ’ were concentrated using a Vivaspin centrifugal concentrator 

(Sartorius, Germany). Protein peaks were analyzed by 8%-12%SDS-PAGE 

electrophoresisand protein concentration was determined by spectrophotometry, using a 

molar extinction coefficient at 280 nm of 1.51 mg-1.ml.cm-1.  

 

Atomic Force Microscopy (AFM) – Cell-Cell adhesion 

For the cell-cell adhesion studies, RBCs were diluted to 0.1% hematocrit on BSGC with 

CaCl2 and placed on a clean poly-L-lysinecoated glass slide. Cells were firmly attached to 

poly-L-lysine according to our previous procedures1,2,3. 

RBCs were attached to tipless cantilevers (Arrow TL2, NanoWorld AG, Switzerland) using 

the lectin concanavalin A. Initially, the cantilever was UV-light treated and then 

subsequently coated with biotinylated BSA (0.5 mg/ml, at 37ºC, overnight), streptavidin 

(0.5 mg/ml, for 30 min) and finally biotinylated concanavalin A (0.4 mg/ml, for 30 min). 

This way, the cell could be attached to the flexible cantilever and brought into contact 
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with the second cell, attached to poly-L-lysine coated glass slide (substrate). The applied 

force was adjusted to 300 pN before retraction. Data collection for each force-distance 

cycle was performed at 2 µm/s, with a z-length of 30 µm. Retraction and extension delays 

were set to 5 s. Force curves were analyzed using JPK image processing software v. 4.2.61 

(JPK Instruments, Berlin, Germany). 

Fibrinogen was added, at different concentrations, to BSCG with CaCl2 and allowed to 

incubate for 15 min before starting the measurements. For each cell attached to the 

cantilever, approximately 40 force vs. distance curves were performed for each fibrinogen 

concentration (5 curves per RBC on the substrate). At least 3 cantilevers, with 6 different 

cells attached (2 cells/cantilever) were tested on each condition.  

 

Magnetic tweezers 

The fibrin clots were prepared using fibrinogen variants at 0.5 mg/ml, CaCl2 at 5.0 mM 

and thrombin at 1 U/ml. Magnetic beads were added at 1:250 (v:v), just before the 

addition of CaCl2 and thrombin. Immediately after thrombin addition, the mixture was 

transferred to a small capillary tube, which was sealed with vaseline on both ends to 

avoid sample dehydration. The magnetic beads are trapped within the polymerizing fibrin 

clot network. Viscoelastic properties of the blood clots after the addition of RBCs were 

also evaluated. For these experiments, 0.5% of RBCs were added for each condition. In 

each experiment, an isolated magnetic bead was selected (away from capillary walls) and 

tested. 

The viscoelastic properties were measured, calculating the parameters of G’, G’’ and Tan 

δ. The storage modulus, G’ (elastic modulus), is a measure of the elastic energy stored 

during deformation and relates to clot stiffness. The loss modulus G’’ (viscous modulus), is 

a measure of the energy dissipated during deformation and relates to clot viscosity. The 

loss tangent (Tan δ) or damping factor (G’’/G’), indicates the physical behavior of a 

system, thus showing the ratio of the viscous and the elastic portion of the viscoelastic 

deformation. For a viscous material, Tan δ>>1, i.e., G’’>>G’, whereas for an elastic solid, 

Tan δ<<1, i.e., G’’<<G’. For a viscoelastic material with Tanδ≈1, the amounts of energy 

dissipated and stored are similar. 
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Fibrin clot permeability 

To study clot permeability, samples were prepared in triplicate, according to the 

standardized protocol published by the Fibrinogen and FXIII Subcommittee of the 

International Society on Thrombosis and Hemostasis (ISTH). 

Briefly, purified fibrinogen samples (final concentration of 1 mg/ml) were incubated with 

1 U/ml human thrombin (Calbiochem, Nottingham, UK) and 2.5 mM CaCl2. Samples were 

incubated in mechanically scratched open clotting tips for 120 min, at room temperature, 

in a humidity chamber. The tubes with the fibrin clots were connected via a silicone tube 

to a reservoir containing TBS buffer (50 mM Tris, 100 mM NaCl, pH 7.5), with 4 cm of 

pressure drop. After the clot had been washed for 120 min, flow rates of buffer through 

the fibrin clots were calculated every 30 min for 120 min on each tube. For each 30 min 

time point, the eluted buffer solution was collected and the volume was analyzed by 

weight measurements using an analytical balance. The fibrin clot permeability was also 

evaluated with 2% of RBCs. From the extracted data, the Darcy constant, Ks, which 

represent the average pore size within the clot, was calculated as previously described, 

using the equation: 

   
     

      
                                                       (1) 

where Q is the volume of liquid (ml), with viscosity η (10−2 poise), flowing through a clot 

with length L (1.3 cm) and a cross-sectional area A (0.049 cm2), in time t (s), under a 

pressure ΔP (dyn/cm2). The unit of the resulting Darcy constant is cm2. The mean value of 

Ks was calculated from triplicates for each sample. 

 

Scanning electron microscopy 

To prepare the clots of γAγA and γAγ’ fibrinogen variants (100 µl, final concentration of 1 

mg/ml) were added to the activation mixture (10 µl, human thrombin 1 U/ml and CaCl2 10 

mM, final concentrations, in TBS). The mixtures were immediately transferred to pierced 

Eppendorf lids. Clots were formed in a humidity chamber at room temperature for 120 

min. Clots were washed with saline solution to remove excess salt and prepared for 

microscopy by fixation in 2% glutaraldehyde solution for at least 120 min. Clots were 

further washed with sodium cacodylate buffer and dehydrated in a series of increasing 

concentrations of acetone (30–100%). Clots were critical-point dried with CO2, mounted 
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onto stubs and sputter-coated with platinum using a Cressington 208 HR (Cressington 

Scientific Instruments, Watford, UK). Clots were also prepared in the presence of 20% 

RBCs. They were observed and photographed digitally in at least 3 different areas per clot, 

using a scanning electron microscope Hitachi SU8230 FE-SEM (Hitachi, Tokyo. Japan), at 5 

different magnifications (2500×, 5000×, 10000× (data not shown), 25000× and 50000×). 

Clots were also formed in duplicate. Average fiber diameters were measured from 20 

random fibers of each image in high magnification (25000×) using ImageJ software 

(National Institutes of Health, Bethesda, MD, USA). Each cross-section measurement was 

performed over a single fibrin fiber and values of the fibrin diameter were extracted and 

averaged. All cross-section measurements were performed away from the branching 

points, in order to avoid biased results.  

 

Laser scanning electron microscopy 

Fibrin clots were prepared by mixing purified fibrinogen variants (1.0 mg/ml) with CaCl2 (5 

mM), 5% AlexaFluor 488 fibrinogen (Invitrogen, Paisley, UK) and TBS buffer. RBCs were 

labeled with Vibrant DiD cell-labeling solution (Molecular Probes, Leiden, Netherlands) 

and washed with HEPES buffer (HEPES 10 mM, NaCl 150 mM, pH 7.4) supplemented with 

0.05% Pluronic F-127 (Sigma, Saint Louis, MO, USA). Clots with labeled RBCs were 

performed at a final RBCs concentration (hematocrit) of 2% (just for images), 5% and 10%. 

After the addition of human thrombin (0.1 U/ml; Calbiochem, Nottingham, UK), the 

reaction components were gently mixed and immediately transferred into slides (µ-slide 

VI0.4, Ibidi GmbH, Munich, Germany). Clots were incubated for 120 min in a humidity 

chamber, at room temperature, protected from the light. Laser scanning confocal 

microscopy (LSCM) was performed using an upright Zeiss LSM510 META (Axioplan 2 

stand) microscope (Carl Zeiss, Welwyn Garden City, UK), with a 63× oil immersion 

objective, using a 488 nm Argon laser and 633 nm HeNe laser. 

Confocal microscopy was also used to assess, in real time, the rate of fibrinolysis. Lysis of 

the fibrin clots was initiated by loading a mixture containing tissue-type plasminogen 

activator (tPA) at 5 ng/ml (Technoclone, Vienna, Austria) and 1.1 µM Glu-Plasminogen 

(Enzyme Research, Swansea, UK) in TBS buffer, to the edge of the thrombus in a uniform 

manner after which the slides were held in a vertical position for 1 min. The slide was 

next incubated in a flat position for 4 min before starting a time series of imaging under 
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40× magnification. The visual field was set and real time serial scans (every 1 s) were 

taken as the front of fibrinolysis proceeded across the visual field digesting the edge of 

the clot. The time of fibrin clot lysis was monitored. Fibrinolysis experiments were 

performed, at least, in triplicate. 
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Supplementary results 

 

γAγA and γAγ’ fibrin clot structure 

It could be observed that γAγA fibers (Figure S1, left column) were more uniformly 

spatially distributed than γAγ’ fibers (Figure S1, right column). Fibers produced with γAγA 

fibrinogen were also straighter and showed less bending. Clots from γAγ’ fibers were 

structured into tight interconnecting bundles, producing zones with more branches and 

larger pores. It is possible to observe areas with fibers that were very compacted, highly 

connected and with small pores (Figure S1, right column). Furthermore, γAγ’ fibrin clots 

showed more branching than γAγA fibrin clots. 
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Figure S1 | Scanning electron micrographs of fibrin fiber clots (without RBCs) formed 

with 1.0 mg/ml of γAγA (A, C and E) or γAγ’ (B, D and F) fibrinogen variants. White 

arrows in A highlight the more homogeneous structure of the γAγA clot network, while 

the red arrows in B indicate the areas with small or large holes, associating a more 

heterogeneous structure to the γAγ’ clots. Images were obtained with a Cold Field 

Emission SEM, as detailed in the Methods section. Magnifications: A and B, 5000×; C and 

D, 25000×; E and F, 50000×.  
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Laser scanning confocal microscopy image analysis 

Confocal microscopy images, shown on Figure 6 of the main manuscript, were analyzed to 

determine the fibrin fiber density (Figure S2). Fiber density was determined by counting 

the number of fibers crossing three arbitrary horizontal and vertical lines of 100 µm 

through each image. The analysis was done in three different micrographs per sample. 

The fiber density of the sample was taken as the average number of fibers per 100 µm of 

length. There were no statistical differences between fibrinogen variants regarding the 

number of fibers that cross the horizontal or vertical lines. 

 

Figure S2 | Fibrin fiber density analysis. Data obtained from confocal images of γAγA and 

γAγ’ fibrin clots. Values are presented as mean ± SEM. 

 

It could be observed from confocal microscopy images that γAγ’ fibrin clots have lower 

fiber density. This could be explained by the fact that γAγ’ fibers are more compacted in 

some areas, producing large pores and not by the increase on the number of fibers 

(Figure S2) 

 

Fibrinolysis data for fibrinogen variants 

Fibrinolysis movies for γAγA (A) and γAγ’ (B) fibrinogen variants were obtained, in real 

time by laser scanning confocal microscopy. The time serial scans were taken under 40× 

magnification. Clots were produced with 1.0 mg/ml fibrinogen, 5 mM CaCl2 and 0.1 U/ml 

human thrombinfinal concentrations. 
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