


Leukocyte- and Platelet-Rich 
Fibrin in Oral Regenerative 

Procedures
Evidence-Based Clinical Guidelines

Edited by 

Marc Quirynen, DDS, PhD

Periodontologist, Professor & Chairman
Periodontology Section
Department of Oral Health Sciences
Catholic University Leuven & University 
Hospital Leuven
Leuven, Belgium

Nelson R. Pinto, DDS

Professor & Implantologist
Faculty of Dentistry
Graduate School of Periodontics and 
Implant Dentistry
Universidad de los Andes
Santiago, Chile

In collaboration with: 

Andy Temmerman, DDS, PhD 
Ana Castro, DDS
Simone Cortellini, DDS

Catherine Andrade, DDS
Manoetjer Siawasch, DDS
Wim Teughels, DDS, PhD 



IV

 

Copyright © 2022  
Quintessenz Verlags-GmbH
All rights reserved. This book or any part thereof may not be reproduced, stored in a 
retrieval system, or transmitted in any form or by any means, electronic, mechanical, 
photocopying, or otherwise, without prior written permission of the publisher.

Editing: Quintessence Publishing Co, Inc, Batavia, IL, USA
Layout, Production and Reproduction: Quintessenz Verlags-GmbH, Berlin, Germany

Printed and bound in Croatia by Grafički zavod Hrvatske d.o.o.

A CIP record for this book is available from the British Library.
ISBN: 978-1-78698-105-9

Quintessence Publishing Co Ltd 
Grafton Road, New Malden  
Surrey KT3 3AB 
United Kingdom 
www.quintessence-publishing.com

Quintessenz Verlags-GmbH
Ifenpfad 2–4
12107 Berlin
Germany
www.quintessence-publishing.com

One book, one tree: In support of reforestation 
worldwide and to address the climate crisis, for 
every book sold Quintessence Publishing will 
plant a tree (https://onetreeplanted.org/).



V

Contents

Authors  VI

Preface VII

Structure of This Book XII

Explanation of the cover XII

Augmented Reality in this book XIII

Testimonials XIV

Abbreviations XXII

General Introduction to L-PRF: Leukocyte- and Platelet-Rich Fibrin  1

Part A Basic Science and Preparation of L-PRF

Chapter 1 Blood Composition and Cellular Characteristics 13

Chapter 2 Wound Healing  17

Chapter 3 Centrifugation of Blood via Specific L-PRF Protocols 29

Chapter 4 General Characteristics and Mode of Action of L-PRF Membranes 39

Chapter 5 Potential Role of L-PRF in Periodontal Regeneration 65

Chapter 6 Preparation of Various L-PRF Constructs 75

Part B Clinical Applications of L-PRF

Chapter 7 L-PRF as Substitute for Ridge Preservation 89

Chapter 8 The Use of L-PRF in Sinus Therapy 109

Chapter 9 The Use of L-PRF During Bone Regeneration Procedures 137

Chapter 10 Implant Coating with L-PRF to Facilitate Osseointegration 163

Chapter 11 L-PRF to Promote the Regeneration of Intrabony Defects Around Teeth 171

Chapter 12 The Use of L-PRF for Periodontal Plastic Surgery 187

Chapter 13 L-PRF in the Management of Peri-Implantitis 203

Chapter 14 L-PRF for the Management of MRONJ 211

Chapter 15 L-PRF Soft-Blocks for Ridge Preservation in Sockets with Major Bone Defects 219

Chapter 16  Step-by-Step Protocols 227

Chapter 17  L-PRF for Extraoral Wounds 249

Epilogue  271

Index 273



VI

 

Authors

Catherine Andrade, DDS
Periodontologist
Department of Periodontology and Oral 
Implantology
Faculty of Dentistry
Universidad de los Andes 
Santiago, Chile

Ana Castro, DDS
Periodontologist
Periodontology Section
Department of Oral Health Sciences 
Catholic University Leuven & University Hospital 
Leuven
Leuven, Belgium

Simone Cortellini, DDS
Periodontologist
Periodontology Section
Department of Oral Health Sciences 
Catholic University Leuven & University Hospital 
Leuven
Leuven, Belgium

Nelson R. Pinto, DDS
Periodontologist & Professor
Faculty of Dentistry
Graduate School of Periodontics and Implant 
Dentistry
Universidad de los Andes
Santiago, Chile

Chairman
Research Center for Regenerative Medicine and 
Tissue Engineering
Concepción, Chile

Marc Quirynen, DDS, PhD
Periodontologist, Professor & Chairman
Periodontology Section
Department of Oral Health Sciences
Catholic University Leuven & University Hospital 
Leuven
Leuven, Belgium 

Manoetjer Siawasch, DDS
Periodontologist
Periodontology Section
Department of Oral Health Sciences 
Catholic University Leuven & University Hospital 
Leuven
Leuven, Belgium

Andy Temmerman, DDS, PhD
Professor & Periodontologist
Periodontology Section
Department of Oral Health Sciences 
Catholic University Leuven & University Hospital 
Leuven
Leuven, Belgium

Wim Teughels, DDS, PhD 
Professor & Periodontologist
Periodontology Section
Department of Oral Health Sciences 
Catholic University Leuven & University Hospital 
Leuven
Leuven, Belgium



Augmented Reality in this book
This book features augmented reality videos accessible free of charge from your smartphone or tablet. Easy, 
reliable, fast , and offl  ine, discover the videos selected for you by the authors to enrich your reading 
experience.

Download
the “L-PRF & Tissue Regeneration“ application on the App Store (iO S).

Locate
images in video boxes.

Fly over
these images with your smartphone or tablet to play the videos.

The videos are also available by  the QR code or at 
https://video.qvnet.de/b23631/

XIII



1

General Introduction
to L-PRF

Leukocyte- and Platelet-Rich Fibrin 



2

General Introduction to L-PRF

What Is L-PRF?
Wound healing remains an extremely important topic 
in dentistry and other medical fields for healthy and, 
even more so for, medically compromised patients. 
Countless efforts have been made to find “bioactive” 
additives that promote and accelerate wound healing, 
regulate inflammation, and improve regeneration. 
Platelet concentrates (PC), prepared from patients’ 
own blood, have achieved these goals by facilitating 
recruitment, proliferation, and maturation of cells par-
ticipating in tissue healing and regeneration (Boswell 
et al1). Their use, during surgery or as an infiltration, is 
nowadays common in most fields of medicine, partic-
ularly in oral and maxillofacial surgery, but also ortho-
pedics and sports medicine. The protocol for the prep-
aration of leukocyte- and platelet- rich fibrin (L-PRF) as 
well as the protocols for each of its clinical applications 
have been improved significantly over the past 
20 years, with evidence-based guidelines available for 
most procedures.

An L-PRF clot or membrane (Fig 1) can be defined 
as a solid fibrin or blood clot obtained via a “natural” 
coagulation process without any additives but rather 

via mechanical manipulation of the patient’s own 
blood (ie, centrifugation). It consists of a polymerized 
fibrin network that comprises a specific population 
of cells (primarily leukocytes) and platelets. It de-
serves to be considered an optimized blood clot or a 
human living tissue graft because of: 

 � Its physical characteristics: The 3D fibrin network 
makes the membranes strong enough to be su-
tured and fixated (eg, with pins)

 � The presence of cells and mediators trapped 
within the 3D fibrin mesh

 � The long-term release of growth factors that fa-
vor tissue repair/regeneration

 � Its antibacterial (bacteriostatic) capacity
 � Its 100% autogenous nature

Because the cells in L-PRF must be activated but 
should not be damaged during the preparation, 
some specific guidelines have to be strictly followed. 
This includes: the correct centrifugation speed and 
duration, the correct blood tubes (glass tubes or 
silica- coated plastic tubes in order to promote natu-
ral coagulation), ideal timing, and optimal centrifuge 
(eg, device and stability).

Fig 0-1 Three stages in the preparation of L-PRF. (a) The blood tube after centrifugation, with separation between red 
blood cells (at the bottom), the L-PRF clot (in the middle) and an acellular plasma (at the top). (b) The L-PRF clot collected 
with tweezers. (c) The L-PRF membrane obtained after gentle compression of the clot.

cba
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Evolution of PCs
Four variants of PCs have been introduced: two 
platelet-rich plasma (PRP) types, representing liquid 
platelet suspensions that can be transformed into a 
light fibrin gel after activation, and two platelet-rich 
fibrin (PRF) types, which represent solid platelet and 
fibrin clots (due to a strongly polymerized fibrin net-
work). Based on the leukocyte content and fibrin 
structure, PCs can be classified into four main cat-
egories (Dohan Ehrenfest et al2,3): 

 � Pure platelet-rich plasma (P-PRP), without leuko-
cytes and with a low-density fibrin network

 � Leukocyte- and platelet-rich plasma (L-PRP), with 
leukocytes (the amount depends on the protocol) 
and a low-density fibrin network

 � Pure platelet-rich fibrin (P-PRF), without leuko-
cytes and with a high-density fibrin network

 � Leukocyte- and platelet-rich fibrin (L-PRF), with 
leukocytes (the amount depends on the protocol) 
and a high-density fibrin network
The acronym PRF by itself should preferably not 

be used as it refers to a wide range of PRF-type prod-
ucts (including P-PRF) with variation in cell composi-
tion, growth factor release patterns, and biologic 
activities. 

As shown in the following section, the current PCs 
are the result of a long period of development aimed 
at obtaining stronger and 100% autogenous bioac-
tive compounds that can be prepared chairside via a 
simple protocol. 

Important notice
In this book, the acronym L-PRF will be used for 
all L-PRF-like centrifugation protocols (including 
L-PRF, A-PRF, A-PRF+, etc), except when they are 
compared to each other. When clinical studies 
are analyzed in detail (eg, in tables), the acronym 
used in the paper will be maintained.

PRP: The first generation of PCs 

The history of PCs starts with Matras’s reports4–6 in the 
1970s on the beneficial impact of fibrin gels on the 
healing of skin wounds. In the following years (1975 to 
1979), new forms of platelet-fibrin gel (platelet-
fibrinogen-­thrombin­ mixture or platelet gelatine) were 
introduced, showing some benefits in ophthalmology, 
general surgery, and neurosurgery. In the mid to late 
1980s, Knighton and co-workers7,8 developed a similar 
concept (termed platelet-derived wound healing fac-
tors), again to improve the healing of skin ulcers. 

In the late 1990s, Whitman and co-workers9 and 
Marx and co-workers10 were the first to promote the 
use of PRPs in oral and maxillofacial surgery. These 
liquid platelet suspensions were obtained via a com-
plex procedure including the use of additives. Pa-
tient’s blood is treated first with anticoagulants and 
in a later stage with coagulation activators in two 
centrifugation steps. The main goal of PRP was to 
isolate the highest quantity of platelets and growth 
factors. Despite several modifications of the protocol 
over the years, to date a standardized protocol for its 
preparation and application is still lacking. 

PRPs contain more than 95% of the platelets in 
the initial blood sample and have a direct impact on 
osteoblasts, connective tissue cells, periodontal liga-
ment cells, and epithelial cells (Marx11). Unfortunate-
ly, PRPs have several limitations that prevented its 
intensive use, including:

 � Complexity of preparation with significant in-
teroperator variations

 � Need for anticoagulant factors to prevent clotting 
at the beginning of the process

 � Need for coagulation activators (primarily bovine 
thrombin and calcium chloride) afterward, both 
known inhibitors of wound healing

 � Lengthy preparation time (30 to 60 minutes or 
more)

 � Its liquid nature, requiring a combination with 
other often synthetic biomaterials

 � Its fast “burst” release of growth factors 
(Kobayashi et al12)

 � High cost
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A well-known example of PRP is plasma rich in 
growth factors (PRGF), which was first introduced by 
Anitua and co-workers.13,14 Similar to PRP, this PC re-
quires external additives for processing and has sev-
eral limitations, including its liquid form and complex 
preparation.

Today there is still a clear shortage in scientific 
data on the beneficial effects of PRPs (Roselló-Camps 
et al,15 Pocaterra et al,16 Stähli et al,17 Franchini et 
al,18 Donos et al19), primarily due to a great variability 
in study designs (small groups of patients, no control 
groups), but also in preparation protocols. Moreover, 
the need for animal thrombin as a coagulant (or oth-
er additives) raises legal issues in some countries. A 
recent systematic review, presented during the Fifth 
European Association for Osseointegration (EAO) 
Consensus Conference, reported a lack of consistent 
evidence supporting the clinical benefit of PRP in 
healthy patients and suggested that PRP “might” 
have a positive effect on wound healing and bone re-
generation in compromised patients (Stähli et al17). 

L-PRF: The second generation of PCs

In 2001, Choukroun introduced a new blood concen-
trate concept, originally called PRF, but since 2009 it 
has been referred to as L-PRF. He aimed for a simpli-

fied preparation (fewer steps, faster execution) and a 
product without the abovementioned disadvantages 
of PRPs (Choukroun et al,20–22 Dohan et al23–25). With 
this new concept, the need for anticoagulants was 
excluded, so that the end product remains 100% au-
togenous. Moreover, the elimination of anticoagu-
lants allowed the maintenance of physiologic cell 
functions without inhibition after centrifugation. As 
such, the approach became more suitable for clinical 
use. In 2003, the first clinical experience with L-PRF 
was published in French in a French journal (Gaultier 
et al,26 Dohan et al27,28).

For this technique, peripheral blood is collected 
from the patient in specific tubes and immediately 
processed by one-step centrifugation (Fig 2). The 
contact of blood with the silica of the silica-coated 
plastic tube or with the glass of the glass tube acti-
vates the coagulation cascade, forming a strong fi-
brin clot during the centrifugation process. After cen-
trifugation, the blood is separated into: a red cell 
fraction (bottom), plasma (top), and the L-PRF clot (in 
the middle), which can be removed from the tube 
with tweezers. After gentle removal of the remaining 
red blood cells from the clot, it can be compressed 
into a membrane. Both the clot and membrane con-
sist of a dense 3D fibrin network enriched with plate-
lets and a variety of leukocytes. (See Video 0-1.)

Fig 0-2 Full procedure to prepare L-PRF: (a) venipuncture, (b) one centrifugation cycle, (c) blood separation. By using 
a specific centrifugation protocol and special tubes (either glass tubes or plastic tubes with a silica coating) without ad-
ditives, an optimal separation is obtained with the formation of a clot in the middle of the tube (surrounded by plasma 
and touching the red blood cells at the bottom). 

Erythrocytes
45% of whole blood
Most dense component

Plasma
Least dense component

Formed
elements

Buffy coat
Leukocytes and platelets

cba
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L-PRF is thus a 100% autogenous biomaterial rich 
in fibrin, platelets (>  80% of what is present in the 
initial blood sample), white blood cells (> 75% of what 
is present in the initial blood sample), growth factors, 
cytokines, and other components conducive to tis-
sue repair (Dohan Erhenfest et al,29 Anitua et al,30 Li 
et al,31 Castro et al32). L-PRF releases interleukin-1, -4, 
and -6 and other growth factors, including trans-
forming growth factor-β1 (TGF-β1), vascular endo-
thelial growth factor (VEGF), platelet-derived growth 
factor-AB (PDGF-AB), and bone morphogenetic pro-
tein (BMP)-1, -2, and -9 (Anitua et al,30 Li et al,31 Cas-
tro et al32). These components are effective in regu-
lating the proliferation, differentiation, and apoptosis 
of repair-related cells and thus regulate and promote 
tissue healing and repair. Leukocytes are able to re-
lease a large number of immune regulation– related 
cytokines in the process of fibrinolysis, and this pro-
cess is persistent and progressive (Anilkumar et al,33 
He et al34). As such, L-PRF promotes wound healing 
and accelerates regeneration.

Two systematic reviews by Castro and co- 
workers35,36 confirmed the clinical significance of the 
benefits L-PRF offers in periodontal therapy (eg, pock-
ets, soft tissue management, ridge preservation, sinus 
floor augmentation, osseointegration). A recent sys-
tematic review, presented during the Fifth EAO Con-

sensus Conference (2018), reported moderate evi-
dence supporting the clinical benefit of L-PRF on ridge 
preservation and in the early phase of osseointegra-
tion and suggested that more clinical support was 
necessary to comment on the role of L-PRF for other 
applications (Strauss et al37). In the meantime, several 
additional studies have been published resolving this 
lack of evidence, as will be discussed later. 

It is also important to realize that the preparation 
of L-PRF for its clinical application is simple, inexpen-
sive, 100% autogenous, and thus very safe. L-PRF is 
the result of a pure mechanical manipulation of the 
blood, creating an “optimized” or “super” blood clot.

Summary of the 
Characteristics and Evolution 
of PCs
Table 1 summarizes the most important differences 
between PRP, PRGF, and L-PRF (Giannini et al38). Ta-
ble 2 summarizes the historical evolution of platelet 
concentrates over the past 50 years. As outlined 
above, a large number of modifications have been 
introduced, and while several of them really are 
milestones, unfortunately others are without scien-
tific evidence for a significant clinical benefit.

Video 0-1 Sequential steps in preparation L-PRF 
components:

Blood draw with butterfly needle, verify complete tube 
fill, rotate tubes to start spontaneous coagulation, 
place tubes in centrifuge within 1 minute (position 
tubes correctly for stability during centrifugation), 
centrifuge at 408 g (last tubes ≥ 12 minutes), retrieve 
L-PRF clots (carefully remove RBCs), compress clots 
into L-PRF plugs and membranes, collect L-PRF exu-
date.



6

General Introduction to L-PRF

Table 0-1 Major differences between first-generation (PRP, PRGF) and second-generation (L-PRF) PCsa 

PRP (1998) PRGF (2001) L-PRF (2004)

Protocol Very complex Complex Easy

Speed Slow Very Slow Fast

Reproducibility Possible bias Possible bias No bias

Use of anticoagulants Yes Yes No

100% autogenous No No Yes

Amount obtainable Sufficient Poor Good

Fibrin morphology Tetramolecular Tetramolecular Trimolecular

Amount of leukocytes 0% to 50% 0% ≥ 65%

Immunomodulatory properties Poor No Yes

Neo-angiogenic potential Sufficient Good Very good

Osteoconductive potential (scaffolding) Poor Poor High

Mechanical properties (sol-gel-membrane) Sufficient Poor Good

Presence of mesenchymal stem cells Yes Yes Yes

Costs of the protocol High High Low

aData based on Giannini et al.38

Table 0-2 Overview of the evolution of PCsa 

Year Event

1954 Kingsley40 first used the term PRP to earmark a thrombocyte concentrate during experiments related 
to blood coagulation.

1970 “Fibrin glue,” introduced by Matras,41 improved healing of skin wounds in rat models. Fibrin glue was 
made by polymerizing fibrinogen with thrombin and calcium. However, due to a low concentration of 
fibrinogen in donor plasma, the quality and stability of fibrin glue was suboptimal.

1975–1978 Rosenthal and co-workers42 introduced an enhanced blood extract called platelet-fibrinogen-thrombin­
mixtures to seal corneal wounds.

1979 Afterward, this substance was called gelatin platelet-gel foam. This new proposition asserted the perfor-
mance of platelets and demonstrated exquisite preliminary results in general surgery, neurosurgery, 
and ophthalmology. However, to this point all these products were used primarily for their “gluey” 
effect, without consideration of the effects of growth factors or their healing properties.

1986 Knighton et al7 first demonstrated that platelet concentrates successfully promote healing and used 
the term platelet-derived wound healing factors (PDWHF). It was successfully tested for the management 
of skin ulcers.

1988 Knighton et al8 introduced a slightly different term: platelet-derived wound healing formula (PDWHF).

1997 Whitman et al9 named their product PRP during preparation, but when the end product had a consis-
tency of a fibrin gel, they labeled it as platelet gel.

1998 The development of these techniques continued slowly until an article by Marx et al10 was published, 
which started the craze for these techniques. However, all of these products were designated as PRP 
without deliberation regarding their content or architecture, and this paucity of terminology continued 
for many years. Some commercial companies started labeling their products with distinct commercial 
names.
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Year Event

1999 One of the popular methods to prepare pure PRP that was commercialized and advertised on a large 
scale (Anitua13) was plasma rich in growth factors (PRGF; also called preparation rich in growth factors; 
Endoret, BTI Biotechnology Institute). However, because of lack of specific pipetting steps and also lack 
of ergonomics, there were significant issues with this technique (Dohan Ehrenfest et al2). 
Another widely promoted technique for P-PRP was commercialized under the name Vivostat PRF. 
Despite the name, however, it is not a PRF but rather a PRP product.

2000 Simultaneously, Choukroun et al20 developed another form of PC in France, which was labeled as PRF, 
based on the strong fibrin gel polymerization. It was stamped as a “second-generation” PC because it was 
obviously different from other PRPs. This proved an important milestone in the evolution of terminology.

2006 Bielecki et al43 and Cieslik-Bielecka et al44,45 proposed to define PRP as an inactive substance, while 
platelet-rich gel (PRG) was a more biologically activated fibrin matrix rich in platelets, leukocytes, and 
relative active molecules.
Sacco46 introduced a new concept of concentrated growth factors (CGF). For the preparation of CGF 
from venous blood, an rpm in the range of 2,400–2,700 was used. The fibrin-rich clots that were ob-
tained were much larger, richer, and denser.

2008 Everts et al47,48 focused on the leukocyte component of the PC and the two forms, ie, non-activated 
and activated. The non-activated product was called platelet-leukocyte-rich plasma (P-LRP), and the acti-
vated gel was labeled platelet-leukocyte gel (PLG).

2009 The first classification of PCs was proposed by Dohan Ehrenfest et al.2 This classification defined four 
main families based on separation of the products using two key parameters: the cellular content 
(primarily leukocytes) and the fibrin architecture: 
1. Pure platelet-rich plasma (P-PRP) or leukocyte-poor platelet-rich plasma (LP-PRP) 
2. Leukocyte- and platelet-rich plasma (L-PRP)
3. Pure PRF (P-PRF) or leukocyte-poor PRF
4. Leukocyte- and platelet-rich fibrin (L-PRF)

2010 The concept of sticky bone (autogenous fibrin glue mixed with bone graft) was introduced by Sohn.49 

2012 Mishra et al50 proposed another classification, which was limited to PRP and applicable to sports med-
icine only. They identified four types of PRP based on presence or absence of leukocytes and whether 
or not the PRP is activated:
1. L-PRP solution
2. L-PRP gel
3. P-PRP solution
4. P-PRP gel
The term solution means non-activated PRP, and gel means activated PRP.
At about the same time DeLong et al51 introduced another classification system called PAW (Platelets 
quantity, Activation mode, White cells presence). However, it also was restricted to PRP families and 
was similar to the classification by Mishra et al above.

2012 Pinto52 introduced the Natural Guided Regeneration Therapy concept for the management of chronic 
wounds with L-PRF.

2013 Tunalı et al53 introduced a new product called T-PRF, an L-PRF prepared in titanium blood tubes.

2014 Ghanaati et al54 introduced an advanced PRF called A-PRF (claimed to contain more monocytes).

2015 Mourão et al55 wrote a detailed technical note on the preparation of injectable PRF (i-PRF).

2017 Fujioka-Kobayashi et al56 introduced an advanced L-PRF, called A-PRF+ (claimed to contain even more 
blood cells).

2018 Cortellini et al57 introduced the L-PRF bone-block, a combination of chopped L-PRF membranes, bone 
substitute, and liquid fibrinogen. This combination resulted in significant advantages in bone regener-
ation.

2019 Miron et al58 introduced C-PRF, a concentrated PRF in a liquid form.

2020 Fujioka-Kobayashi et al59 introduced H-PRF, a PRF prepared with a horizontal centrifuge, which would 
give a better distribution of platelets and leukocytes over the entire membrane.

aAdapted and updated from Agrawal.39
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Blood Composition
Our blood is a mixture of about 55% plasma and 45% 
blood cells. It accounts for about 7% to 8% of total 
body weight and represents approximately 5 L. A 
healthy adult can lose almost 20% of blood volume 
(1 L) before the first symptoms (eg, restlessness) ap-
pear and approximately 40% of volume (2 L) before 
hypovolemic shock sets in.

Important notice
This indicates that it should not really be a prob-
lem for a patient to donate up to 24 tubes of 
blood (about 240 mL) for the preparation of 
leukocyte- and platelet-rich fibrin (L-PRF) mem-
branes. This amount is sometimes needed for a 
large guided bone regeneration procedure or for 
the treatment of a large chronic extraoral wound.

Red blood cells (RBCs) account for about 40% to 45% 
of blood volume, while white blood cells (WBCs) ac-
count for less than 1%. Platelets (< 1%) are, in con-
trast to RBCs and WBCs, not cells but rather small 
fragments of cells (also called thrombocytes).

Even though RBCs are smaller than WBCs, they 
are pushed to the bottom of blood tubes during cen-
trifugation because they are denser (higher specific 
weight). The relative proportion of RBCs, measured 
via the hematocrit test, differs between men and 

women. It is normally 40.7% to 50.3% for men (4.7 to 
6.1 million cells per µL) and 36.1% to 44.3% for wom-
en (4.2 to 5.4 million cells per µL). On an individual 
level, the hematocrit value decreases in men in their 
sixth decade and in women in their seventh decade, 
and the change becomes more prominent with ad-
vancing age, especially in men (Woodman et al,1 Zeng 
et al2).

Important notice
Individual variations, as well as sex- and age- 
related differences, in hematocrit will have an 
impact on the final size of L-PRF membranes: the 
lower the hematocrit, the larger the L-PRF 
membranes.

Table 1-1 summarizes important information about 
the constituents of blood. 
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Table 1-1 Description of various blood constituentsa 

Type Formb Descriptionb Cells/µL Development Life span Function

Erythrocytes (RBCs): biconcave, anucleate discs

Salmon-colored;
Ø 7-8 µm

4–6 million ±15 days 100–120 days Transport 
oxygen and 

carbon dioxide

Leukocytes (WBCs): spherical, nucleated cells; in total: 4,800–10,800 cells/mm3

Granulocytes

 Neutrophil Multi-lobed 
nucleus; 

inconspicuous 
cytoplasmic 

granules;
Ø 10–12 µm

3,000–
7,000

±14 days 6 hours to a 
few days

Phagocytize 
bacteria

 Eosinophil Bi-lobed 
nucleus; red 
cytoplasmic 

granules;
Ø 10–14 µm

100–400 ±14 days ±5 days Kill parasitic 
worms; 

complex role 
in allergy and 

asthma

 Basophil Lobed 
nucleus; large 
blue-purple 
cytoplasmic 

granules;
Ø 10–14 µm

20–50 1–7 days Hours to a 
few days

Release 
histamine 
and other 

mediators of 
inflammation; 

contain heparin

Agranulocytes

 Lymphocytes Spherical/
indented 

nucleus; pale 
blue cytoplasm;

Ø 5–17 µm

1,500–
3,000

Days to a 
week

Hours to 
years

Mount immune 
response by 

direct cell 
attack or via 
antibodies

 Monocytes U- or kidney-
shaped nucleus; 

gray-blue 
cytoplasm;

Ø 14–24 µm

100–700 2–3 days Months Phagocytosis; 
develop into 

macrophages 
in tissues

Platelets: discoid cytoplasmic fragments

Granules; stain 
deep purple;

Ø 2–4 µm

150,000–
400,000

4–5 days 5–10 days Seal small 
tears in blood 
vessels; crucial 

in blood 
clotting

aAdapted from Mader.3 

bWhen stained with Wright stain.
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Phases of Wound Healing 
The major advantage of the use of leukocyte- and 
platelet-rich plasma (L-PRF) is its significant benefi-
cial effect on wound healing and tissue repair. In or-
der to help the reader understand these benefits, 
this section provides a simplified summary of the 
wound-healing process.

In undamaged skin, the epidermis (surface layer) 
and dermis (deeper layer) form a protective barrier 
against the external environment. When this barrier 
is broken, a regulated sequence of biochemical 
events is set into motion to repair the damage. This 
process is divided into predictable phases (Gurtner 
et al1 and Guo and Dipietro2; for more details see 
Kumar et al3): blood clotting (hemostasis), inflamma-
tion, tissue growth (proliferation), and tissue remod-
eling (maturation), as shown in Fig 2-1. The first 
stage, blood clotting, is sometimes considered to be 
part of the inflammation stage instead of a separate 
stage. 

Phase 1: Hemostasis

Hemostasis starts immediately at the onset of an in-
jury with the objective to stop the bleeding. The 
blood clotting system acts as a biologic emergency 

kit, forming a temporary dam (thrombus) to block 
the drainage. In this process blood platelets play a 
key role. In this process, their contact with collagen 
activates them, and they begin aggregating. The en-
zyme thrombin initiates the formation of a fibrin 
mesh, which strengthens the platelet clumps into a 
stable clot to plug the break in the blood vessel, 
slowing or preventing further bleeding. This process 
will be discussed in greater detail in the “Hemostasis” 
section later in this chapter. 

Phase 2: Inflammation

This phase focuses on destroying the bacteria and 
removing debris from the wound. In essence, it pre-
pares the wound bed for the growth of new tissue 
and begins immediately after phase 1. First, poly-
morphonuclear neutrophils enter the wound to elim-
inate bacteria and debris. They often reach their 
peak population between 24 and 48 hours after inju-
ry and reduce greatly in number after 3 days. As they 
leave, monocytes infiltrate the wound and differenti-
ate into macrophages that continue clearing the de-
bris. These cells also secrete growth factors and pro-
teins that attract immune system cells into the 
wound to facilitate tissue repair. This phase takes 
approximately 4 to 6 days and is often associated 

Fig 2-1 The four stages of wound healing: hemostasis (blood clotting), inflammation, tissue growth (proliferation), and 
tissue remodeling (maturation).
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with edema, erythema, heat, and pain. During these 
days, platelet-derived growth factors are released 
into the wound, causing the migration and division 
of cells in the proliferative phase.

In infl ammatory reactions, progenitors in the 
bone marrow produce monocytes that enter the 
blood and various tissues, where they diff erentiate 
into macrophages (Fig 2-2). There are two major 
pathways for macrophage activation (Winkler et al4): 
the classical activation (M1), which may be induced 
by an external danger, and the alternative activation 
(M2), which is orchestrated by T-lymphocytes. The 
latter macrophages are not actively microbicidal; in-
stead, the function of alternatively activated macro-
phages (M2) is tissue repair (Champagne et al5). They 
secrete growth factors that have been shown to pro-
mote angiogenesis, activate fi broblasts, stimulate 
collagen synthesis, and promote osteogenic mineral-
ization during in vitro studies. The concept of M1 and 
M2 macrophages provides a useful framework for 

understanding macrophage heterogeneity; however, 
numerous other subpopulations have also been 
described. 

Although the products of activated macrophages 
eliminate damaging agents and initiate the repair 
process, they are also partly responsible for tissue 
injury in chronic infl ammation. Epithelial and stromal 
cells should also be considered as agents in this pro-
cess as they can produce some of the same growth 
factors.

Phase 3: Proliferation

Once the wound is cleaned, the proliferative phase 
can begin, with a focus on fi lling, contracting, and 
covering the wound. In this phase, angiogenesis, col-
lagen deposition, granulation tissue formation, 
wound contraction, and epithelialization occur. In 
angiogenesis, vascular endothelial cells form new 
blood vessels. In fi broplasia and granulation tissue 

Fig 2-2 Macrophage activation into type M1 and M2 and further development. ROS, reactive oxygen species; NO, nitric 
oxide; IL, interleukin; IFN-Y, interferon-Y; TGF-β, transforming growth factor-β. (Adapted from a slide by Jerry Aldrin, 
2015.)
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formation, fibroblasts grow and form a new provi-
sional extracellular matrix (ECM) by excreting colla-
gen and fibronectin. A shiny, deep red granulation 
tissue fills the wound. During wound contraction, 
myofibroblasts decrease the wound’s size by grip-
ping the wound edges and contracting, using a mech-
anism that resembles that of smooth muscle cells. 
Concurrently, re-epithelialization of the epidermis 
occurs. Epithelial cells proliferate and “crawl” from 
the wound bed or margins over the wound surface, 
providing a cover for the new tissue. When the cells’ 
roles are close to complete, unneeded cells undergo 
apoptosis. The proliferative phase often lasts any-
where from 4 to 24 days.

Phase 4: Maturation/Remodeling 

During this phase, the newly formed tissue slowly 
gains strength and flexibility through the process of 
remodeling. Here, collagen fibers reorganize, and 
the tissue remodels and matures with an overall in-
crease in tensile strength, with the initial maximum 
strength limited to 80% of the pre-injury strength. 
The maturation phase varies greatly from wound to 
wound, often lasting anywhere from 21 days to 
2 years. 

This healing process is very complex (summa-
rized in Fig 2-3). In addition, it is susceptible to in-
terruption due to many local factors, including 
moisture, infection, and maceration, as well as sys-
temic factors, such as age, nutritional status, medi-
cation, and body type. Factors contributing to non-
healing chronic wounds are diabetes, venous or 

arterial disease, infection, and metabolic deficien-
cies of old age.

The survival of an organism relies on its ability to 
repair the damage caused by toxic agents and/or as-
sociated inflammation. Tissue repair occurs by two 
types of reactions: (1) regeneration by proliferation 
of remaining cells and maturation of the tissue or (2) 
the deposition of connective tissue to form a scar. 
The regeneration involving cell proliferation and dif-
ferentiation is driven by growth factors and is critical-
ly dependent on the organization of an ECM. Several 
cell types proliferate during tissue repair. These in-
clude: (1) the remnants of the injured tissue that at-
tempt to restore the normal structure, (2) vascular 
endothelial cells necessary to create new vessels to 
provide the nutrients required for the repair process, 
and (3) fibroblasts that are the source of the fibrous 
tissue that will fill the defects that cannot be im-
proved by regeneration (Kumar et al3). 

Angiogenesis, ie, the formation of new blood ves-
sels from existing vessels, is critical in tissue repair. 
The process of angiogenesis involves several signal-
ing pathways, cell-to-cell communication, interaction 
between proteins from the ECM, and tissue enzymes. 
Vascular endothelial growth factor (VEGF) plays an 
important role in the initiation of this process. It 
stimulates both migration and proliferation of endo-
thelial cells and thus initiates the process of capillary 
sprouting. Other growth factors, such as platelet- 
derived growth factor (PDGF) and transforming 
growth factor beta (TGF-β), also participate in this pro-
cess by recruiting smooth muscle cells and enhancing 
the production of ECM proteins (Morgan and Nigam6).

Fig 2-3 Approximate durations of the different phases of wound healing (logarithmic scale), with faded intervals mark-
ing substantial variation, depending mainly on wound size and healing conditions. (Courtesy of Mikael Häggström, 
2010.) 
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Cell proliferation is determined by signals provid-
ed by the ECM and growth factors. Growth factors 
are normally produced by cells near the injured area. 
The most important sources of growth factors are 
macrophages that are activated after tissue injury. 
Macrophages derive from hematopoietic stem cells 
that are known as monocytes when circulating in 
blood. Macrophages are specialists in phagocytosis 
of microbes and senescent cells, but they also serve 
many other roles in inflammation and repair. 

There is a spectrum of scar formation, with scar-
less regeneration on one end, “normal” scar forma-
tion in the center, and pathologic scar formation, in-
cluding hypertrophic and keloid scarring, on the 
other end (Marshall et al7). Keloid and hypertrophic 
scarring contribute to much of the morbidity of scar-
ring after surgery. A hypertrophic scar can be defined 
as a scar forming after injury, that is larger or more 
raised than usual, or that results in contracture. A hy-
pertrophic scar is more likely to occur after infection 
of the wound, closure of the wound with excessive 
tension, or with position of the wound in areas of 
skin with high natural tension (such as the shoulders, 
neck, and sternum). Keloid scars, on the contrary, 
represent an abnormally exuberant scarring re-
sponse that extends beyond the borders of the orig-
inal injury. Keloids cause symptoms of pruritus and 
hyperesthesia and tend to recur after excision, as 
opposed to hypertrophic scars, which may not recur 
if the scar is revised appropriately. While hypertro-
phic scars often flatten over several years, keloid 
scars typically do not regress. 

Even in the adult human, the oral mucosa is able 
to heal after injury with little scarring, resembling the 
regenerative healing of fetal skin (Marshall et al7). 
Even though the oral mucosal wound progresses 
through the same stages of wound healing as a skin 
wound, there is lower inflammatory response at the 
beginning, and the overall rate of healing is higher. 
The presence of saliva accelerates wound healing in 
mouse skin, and mice that underwent sialoadenecto-
my and were allowed to lick their wounds healed 
more slowly than controls, suggesting that the ab-
sence of normal saliva inhibited healing (Bodner et 

al8). Extraoral tissue transplanted into the oral cavity 
remains histologically distinct from mucosal tissue 
and produces scar tissue. In addition, recent experi-
ments showed that dermal fibroblasts possessing a 
“scarring phenotype” transplanted into the oral mu-
cosa produce more scar-like connective tissue com-
pared with oral mucosal fibroblasts transplanted 
into the dermis (Rinkevich et al9). Together, these re-
sults strongly suggest that factors intrinsic to cells 
residing in the oral mucosa account for much of the 
reduced scarring seen in that tissue.

Important notice
It is important to realize that platelets (present in 
high concentrations in L-PRF membranes) are key 
in the early phases of tissue regeneration (during 
hemostasis and fibrin clot formation). Moreover, 
they secrete a number of important growth fac-
tors including PDGF, VEGF, coagulation factors, 
adhesion molecules, cytokines/chemokines, and a 
variety of other angiogenic factors capable of 
stimulating the proliferation and activation of cells 
involved in the wound- healing process, including 
fibroblasts, neutrophils, macrophages, and mes-
enchymal stem cells (Nurden10). As such, it should 
not be a surprise that L-PRF membranes can pos-
itively stimulate/facilitate wound healing and/or 
tissue repair.

Hemostasis
Hemostasis (cessation of bleeding after injury) is 
the first stage of wound healing and involves blood 
changing from a liquid to a gel (ie, blood coagula-
tion). Under normal conditions endothelial cells 
prevent blood clotting via the secretion of inhibitors 
for coagulation and platelet aggregation. After en-
dothelial injury (or rupture), however, the endothe-
lial cells stop the secretion of these inhibitors and 
instead secrete von Willebrand factor (vWF), which 
initiates hemostasis. Hemostasis has four major 
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steps: (1) arteriolar vasoconstriction, (2) temporary 
blockage of a blood vessel break by a platelet plug 
(primary hemostasis), (3) formation of a fibrin clot, 
and (4) clot resorption (Fig 2-4). These processes 
seal the injury until tissues are repaired (for details 
see Park and Koh11 and Kumar et al12).

Arteriolar vasoconstriction

As a first and immediate response after a vascular 
injury, the blood vessel will constrict in order to re-
duce the blood loss (ie, contraction of vascular 
smooth muscle cells within the wall of the blood ves-
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Fig 2-4 The four major steps in hemostasis. (a) Immediately after vascular injury, a transient vasoconstriction is in-
duced via the contraction of the smooth muscle cells within the wall of the blood vessels. (b) Blood platelets (gray) bind 
to vWF from the exposed underlying basement membrane and are activated (ie, they change in shape, become sticky, 
and release granules). These granules (adenosine diphosphate [ADP], thromboxane A2 [TXA2], serotonin) will recruit 
more sticking platelets, forming a platelet plug (ie, primary hemostasis) and releasing more chemicals (creating a posi-
tive feedback loop). (c) A local coagulation cascade (described in more detail later in this chapter) is initiated, involving 
tissue factor and platelet phospholipids and resulting in fibrin (blue) polymerization “cementing” the platelets into a 
strong secondary hemostatic plug. (d) Formation of a solid plug (by contraction), activation of counter-regulatory mech-
anisms to limit clotting to the site of injury (eg, tissue plasminogen activator [t-PA] secreted by endothelial cells), and 
eventually clot resorption. (Adapted from Park and Koh.11) 
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sels). Their contracting properties are controlled by 
the vascular endothelium itself. This is mediated by 
reflex neurogenic mechanisms and augmented by 
the local secretion of factors such as endothelin, a 
potent endothelium-derived vasoconstrictor.

Platelet plug formation: Primary 
hemostasis (platelet aggregation)

Under normal conditions, blood platelets do not ad-
here, neither to each other nor to the blood vessel 
wall. Disruption of the endothelium exposes sub-
endothelial collagen and vWF. They both promote 
the adherence and activation of platelets. The acti-
vated platelets change in shape (from rounded discs 
to flat plates with very sticky protrusions) and release 
cytoplasmic granules such as adenosine diphos-
phate (ADP, which attracts more platelets to the af-
fected area), serotonin (a vasoconstrictor), and 
thromboxane A2 (TXA2, which assists in platelet ag-
gregation, vasoconstriction, and degranulation). As 
more chemicals are released, more platelets stick 
and release their chemicals, creating a platelet plug 
and continuing the process in a positive feedback 
loop (chain reaction). Platelets alone are thus re-
sponsible for stopping the bleeding of unnoticed 
wear and tear of our skin on a daily basis. This is re-
ferred to as primary hemostasis.

Clot formation: Secondary hemostasis 
(formation of platelet clot)

Once the platelet plug is formed, clotting factors (a 
dozen proteins that travel along the blood plasma in 
an inactive state) are activated in a sequence of pro-
teolytic events known as a coagulation cascade. These 
events are mainly localized on the surface of activat-
ed platelets. The activation is introduced by the tis-
sue factor (TF), a membrane-bound glycoprotein on 
subendothelial cells in the blood vessel wall (eg, 
smooth muscle cells and fibroblasts). This will lead to 
the formation of a 3D fibrin network from inactive 
fibrinogen (a plasma protein). As such, a fibrin mesh 
is produced around the platelet plug to hold it in 

place (referred to as secondary hemostasis). During 
this process, red and white blood cells are also 
trapped, which makes the primary plug stronger. 
The resultant plug is called a thrombus or clot.

Clot stabilization and resorption 
(antithrombotic events) 

The polymerized fibrin and platelet aggregates un-
dergo contraction to form a solid, permanent plug to 
prevent further hemorrhage. At this stage, counter- 
regulatory mechanisms are set into motion to limit 
clotting to the site of injury (eg, tissue plasminogen 
activator [t-PA], which functions as a fibrinolytic 
product, is secreted by endothelial cells, and throm-
bomodulin, an integral membrane protein that 
serves as a cofactor for thrombin, is expressed on 
the surface of endothelial cells). This will finally lead 
to clot resorption and tissue repair.

Important notice
Endothelial cells are the central regulators of he-
mostasis (the balance between the antithrombic 
and prothrombotic activities of the endothelium 
determines whether thrombus formation, prop-
agation, or dissolution occurs). Blood platelets 
play a critical role in the hemostasis by forming 
the primary plug that initially seals the vascular 
defect and by providing a surface that binds and 
concentrates activated clotting factors for the co-
agulation cascade.

Blood Coagulation
Because blood clotting is an essential step in the 
preparation of the second-generation platelet con-
centrates, this section summarizes the clotting pro-
cedure. Blood coagulation in vivo involves the activa-
tion, adhesion, and aggregation of platelets and a 
deposition and maturation of fibrin (ie, coagulation 
cascade).



24

Basic Science and Preparation of L-PRF

PART 

A

The coagulation cascade can be seen as a dance 
in which coagulation factors are passed from one 
partner to the next, finally leading to the deposition 
of an insoluble fibrin clot. Each step involves an en-
zyme (an activated coagulation factor), a substrate 
(an inactive form of a coagulation factor), and a co-
factor (a reaction accelerator). These components 
are assembled on a negatively charged phospholipid 
surface from activated platelets. 

The coagulation cascade can be activated via the 
intrinsic pathway (also known as the contact activa-
tion pathway) and/or the extrinsic pathway (ie, the 
tissue factor pathway), both leading to the same reac-
tion (common pathway) to produce fibrin. In the in-
trinsic pathway all components are already present 
in the blood, whereas in the extrinsic pathway a TF, 
secreted by damaged cells, is required. 

The coagulation cascade is quite complex, having 
several feedback loops. In the following paragraphs, 
simplified schemes are presented (for more details 
see Park and Koh11 and Kumar et al12).

Extrinsic (TF) pathway (Fig 2-5)

This pathway is called the extrinsic pathway because it 
requires that blood reaches the subendothelial space. 
After vascular damage, circulating factor VII comes 
into contact with TF (a cell-surface integral membrane 
protein present in subendothelial tissue and leuko-
cytes), forming an activated complex (TF–factor VIIa). 
TF is expressed on TF-bearing cells (stromal fibro-
blasts, vascular smooth muscle cells, leukocytes). The 
TF–factor VIIa complex activates factor IX and factor X. 
From here, the common pathway begins.

Intrinsic (contact activation) pathway 
(Fig 2-6)

The intrinsic pathway is initiated by the activation of 
factor XII by certain negatively charged artificial sur-
faces, including glass (eg, glass blood tubes or silica-
c oated plastic blood tubes). High-molecular-weight 
kininogen and prekallikrein are two proteins in blood 
that facilitate this activation. The enzyme form of fac-
tor XII (factor XIIa) catalyzes the conversion of factor 
XI to its enzyme form (factor XIa). Factor XIa catalyzes 
the conversion of factor IX to the activated form, fac-

Clotting in vivo
Vascular damage Exposure of tissue factor

TF

TF
X

IX

Va
Xa

IXa

XIa

VIIaVII

XI

VIIIa

Fibrin clotFibrinogen

ThrombinProthrombin

Fig 2-5 In vivo, TF is the major initia-
tor of the coagulation cascade, which 
occurs on the surface of platelets. The 
cascade is further amplified by loops 
involving thrombin (dotted lines). The 
red polypeptides are inactive factors, 
the blue are active factors, and the 
green are cofactors. The final step 
is the conversion of fibrinogen into 
fibrin.
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tor IXa. Factor IXa assembles with factor VIII. The fac-
tor IXa–factor VIII complex binds to factor X, which is 
activated to factor Xa. From here, the common path-
way begins.

Important notice
The intrinsic pathway occurs in the blood tubes 
(silica-coated plastic tubes or glass tubes) that 
are used for the preparation of L-PRF. Some 
plastic or silicone surfaces do not have this prop-
erty (eg, the white-cap tubes in the Intra-Lock 
system). These are used if it is necessary to delay 
the coagulation cascade, such as during the 
preparation of liquid fibrinogen, needed for the 
preparation of an L-PRF bone-block.

Common pathway

Factor X is cleaved by VIIa to form factor Xa. Pro-
thrombin, bound to glycoprotein IIb/IIIa on the acti-
vated platelet surface, is converted to thrombin by 
Xa (Va and calcium ions are cofactors for this reac-
tion). However, minimal amounts of thrombin are 

Clotting in glass tube
Intrinsic pathway Negatively charged surface (e.g. glass)

IX

Va
Xa

IXa

XIa

XIIa

XI

XII X

VIIIa

Fibrin clotFibrinogen

ThrombinProthrombin

Fig 2-6 In vitro, blood clotting is ini-
tiated by either a negatively charged 
substance (such as a glass surface) 
or a source of TF (comparable to the 
extrinsic pathway). During the prep-
aration of L-PRF, the glass surface or 
silica coating inside the blood tubes 
are responsible for initiating the co-
agulation process. The red polypep-
tides are inactive factors, the blue 
are active factors, and the green are 
cofactors. The final step is again the 
conversion of fibrinogen into fibrin.

formed by this pathway during the initiation phase 
of coagulation. The trace amounts of thrombin gen-
erated during the initiation phase provide further ac-
tivation of platelets, factor V, and factor XI. Larger 
amounts will be generated during the amplification 
phase (Monković and Tracy,13 Hoffman and 
Monroe14). The formation of a complex comprising 
factors VIIIa, IXa, and calcium ions on the platelet 
surface leads to the large-scale generation of factor 
Xa. Factor Xa, with factor Va and calcium ions, forms 
the prothrombinase complex that produces the 
burst of thrombin needed for the conversion of fi-
brinogen to fibrin. Furthermore, thrombin activates 
factor XIII, resulting in clot stabilization, and the 
thrombin-activatable fibrinolysis inhibitor, which 
modulates fibrinolysis (Green15).

Important notice
Blood platelets thus play a critical role in hemo-
stasis by forming the primary plug that initially 
seals the vascular defect and by providing a sur-
face that binds and concentrates activated coag-
ulation factors.
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Formation of Fibrin
Fibrinogen (factor I) is a glycoprotein that circulates 
in the human blood. After tissue and vascular injury, 
it is converted enzymatically by thrombin to fibrin 
and then to a fibrin-based blood clot. Fibrin clots 
function primarily to occlude blood vessels to stop 
bleeding. Fibrin also binds and reduces the activity of 
thrombin. This activity, sometimes referred to as 
anti thrombin I, limits blood clotting.

Fibrinogen is made and secreted into blood pri-
marily by hepatocytes. Mature fibrinogen is a long 
flexible protein array of three nodules held together 
by a very thin thread (Fig 2-7). The two end nodules 
(termed D regions or domains) are alike in consist-
ing of Bβ and γ chains, while the slightly smaller cen-
ter nodule (termed the E region or domain) consists 
of two intertwined A alpha chains. The length of a 

FXIIIa cross-linking

Cross-linked fibrin

Fibrinogen

Fibrinopeptides
A and B

Fibrin polymer

Fibrin monomer

Thrombin

D

E

D

Fig 2-7 Step-by-step formation of 
an insoluble cross-linked fibrin poly-
mer network. (Adapted from Riley 
et al.16)

dried fibrinogen molecule is 47.5 ± 2.5 nm. Stimulus 
of the coagulation cascade ultimately produces fi-
brin monomers that strengthen the initial platelet 
plug by spontaneously aggregating into end-to-end 
and side-to-side fibrils (Riley et al16; see Fig 2-7). Fi-
brinogen is transformed to fibrin monomers through 
the cleavage of two small fragments (fibrinopeptides 
A and B, small blue circles in Fig 2-7) from the mol-
ecule by thrombin. During this process, the negative 
charge of the E domain of fibrinogen (red circle in 
Fig 2-7) is converted to a positive charge, permitting 
spontaneous polymerization of the fibrin monomers 
into a polymer stabilized by hydrogen bonds. 
Thrombin also activates in blood-circulating trans-
glutaminase enzyme, factor XIII, which stabilizes the 
initial fibrin polymer by catalyzing the formation of 
cross-linked covalent bonds between adjacent D do-
mains (orange lines in Fig 2-7).
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