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Abstract 
 
Huang, Shan (2015). Interaction between biomaterials and innate immunity with clinical 
implications, Linnaeus University Dissertation No 236/2015, ISBN: 978-91-87925-87-0. 
Written in English. 
 
Today there is an increasing clinical demand and expectation of patients for 
biomaterials, which underscores the importance of discovering the correlations 
between biomaterials and biological systems, especially blood. When an 
artificial material makes contact with blood, the first event is a rapid 
adsorption of plasma protein on the material surface, on top of which the 
innate immune system is triggered, with potentially detrimental consequences. 
The work presented in this thesis, reported in four papers, was designed to 
investigate complications associated with (a) biomaterial-induced immune 
systems, including activation mechanisms and crosstalk between cascades on 
the biomaterial surface, and with (b) clinical investigations.  

In Paper I and Paper II, a series of studies led to the development of a direct 
prediction of the subsequent biological events based on the pattern of initially 
bound proteins. A reciprocal relationship was demonstrated between 
activation of the contact system and the complement system when they were 
induced on artificial material surfaces. Based on these studies, a robust and 
simple method for biocompatibility testing was proposed and validated, 
yielding high specificity and sensitivity when compared to today’s gold 
standard. Paper III investigated biomaterial-induced activation of complement 
and leukocytes in dialysis treatment-related conditions. The results suggested 
that citrate is more biocompatible than the conventionally used acetate. This 
reduction in activation could be further enhanced with higher citrate 
concentrations, suggesting that dialysis fluid containing citrate is a promising 
alternative to acetate dialysis fluid. Paper IV investigated complement 
initiation mechanisms with clinical implications. An experimental system was 
set up to revisit the initiation of the complement alternative pathway, and 
correlations were found between chaotropic or nucleophilic agents and iC3 
generation under physiologically relevant conditions. A clinical study of 
hepatic encephalopathy patients indicated a direct correlation between 
elevated plasma ammonia and iC3 formation, as well as with complement 
activation in vivo.  

Taken together, these studies have provided a model for a robust biomaterial 
test and have investigated biomaterial-induced complications in the fluid 
phase in clinically related conditions; furthermore, the basic mechanisms of 
complement activation have been dissected in relation to disease symptoms.  

Keywords: Complement system, contact system, blood, biomaterials, 
biocompatibility, in vitro screening, iC3, dialysis 





POPULÄRVETENSKAPLIG 
SAMMANFATTNING 

Användning av biomaterial, som till exempel slangar, dialysmembran och 
blodpumpar, inom sjukvården blir allt vanligare. Trots att biomaterial oftast 
hjälper patienten och behandlingen är framgångsrik är nyttjandet ändå förenat 
med vissa risker. De flesta biomaterial kommer i kroppen i kontakt med blod, 
antingen direkt eller indirekt. I blodet finns vårt medfödda immunförsvar som 
försvarar oss mot, och märker in, allt som uppfattas som främmande. Det är 
därför viktigt att veta vad som händer när blod kommer i kontakt biomaterial. 

Det medfödda immunförsvarets huvuduppgift är att skydda oss från 
infektioner genom att oskadliggöra mikroorganismer och generera 
inflammation. Immunförsvaret skiljer på vad som är kroppseget eller 
främmande och reagerar snabbt och kraftfullt för att eliminera det som 
identifieras som icke-kroppseget. Det medfödda immunförsvaret är uppbyggt 
av två system: komplementsystemet och koagulationskaskaden. Dessa 
interagerar med varandra för att åstadkomma en så stark och snabb 
immunreaktion som möjligt, vilket i normalfallet är bra men kan orsaka 
problem i kontakten med biomaterial. 

När ett främmande material kommer i kontakt med blod identifieras materialet 
av medfödda immunförsvaret och markeras som en potentiell fara. I första 
steget fäster proteiner till ytan och därefter aktiveras komplementsystemet och 
koagulationskaskaden, vilket leder till negativa effekter för patienten och 
materialet. Det är av yttersta vikt att förstå vad som händer i interaktionen 
mellan biomaterial och immunförsvaret för att kunna minska reaktionen som 
materialet orsakar i kroppen.  

De arbeten som presenteras i denna avhandling var utformade för att studera 
de inflammatoriska reaktionerna som är associerade med biomaterial-gällande 
aktivering av immunförsvaret och dess kliniska betydelse. I artikel I och II 



har vi visat en direkt korrelation mellan proteiner, från komplementsystemet 
och koagulationskaskaden, på ytan av materialet och de inflammatoriska 
effekterna. Vi har dessutom utarbetat en robust och enkel metod, med hög 
specificitet och känslighet, för att snabbt testa immunreaktionen som 
biomaterial orsakar. I artikel III har vi undersökt hur olika dialysvätskor 
påverkar immunreaktionen och visat att valet av vätska är viktigt för en 
biokompatibel dialys. I artikel IV har vi utvecklat en ny metod som kan 
användas i klinisk diagnostik för att studera komplementaktivering vid vissa 
relevanta sjukdomtillstånd.  

Sammanfattningsvis har forskningen som presenteras i denna avhandling 
bidragit med en djupare insikt och förståelse om de immunreaktioner som 
orsakas av biomaterial och dialysvätskor, samt utvecklingen av metoder för att 
snabbt testa biokompatibilitet och komplementaktivering. 
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1. INTRODUCTION 

A continually increasing array of biomaterials for clinical applications offers a 
host of promising treatments for numerous conditions, and countless people 
have already benefitted from these applications. However, the benefits of 
these applications go hand in hand with risks. Along with their overall 
success, the poor hemocompatibility of the biomaterials raises vital issues, and 
the efforts of multidisciplinary research groups are needed to overcome these 
problems. 

Most of the biomaterials will come into contact with blood, either 
continuously or briefly during the implantation process, and the response 
elicited determines the biomaterial-related complications that will be 
inevitably be produced in the host. Although they vary in severity according 
to individual differences, these complications can include inflammatory 
responses, thrombosis, and infections, and in the most severe cases, they can 
even be fatal.  

Once the biomaterial makes contact with the blood, plasma proteins are 
rapidly absorbed onto the material surface and form a protein layer that covers 
the whole surface of the material. The physical and chemical properties of the 
particular material surface determine the composition of this protein layer. On 
top of the monolayer, the complement and coagulation system components 
will be triggered, leading to the generation of various mediators, which in turn 
activate the platelets, monocytes, and granulocytes in the blood. The crosstalk 
between these cascade systems functions to strengthen the host’s defense 
system: An excessive inflammatory response can result in coagulation-driven 
complications, or vice versa. The amplification loops in both the complement 
and coagulation systems may amplify activation signals into a life-threating 
situation. The foreign surfaces lack appropriate regulators, so when the 
biomaterial is implanted in the circulation, it will be continuously attacked by 
the host’s defense system, resulting in side effects in the host and dysfunction 
of the biomaterial. 
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Various applications of biomaterials today make use of different strategies to 
reduce the side effects produced either by the biomaterial itself or by 
systemically administered inhibitors: Passive shielding, active inhibitor 
coating, binding of regulators, and surface topography modifications are all 
methods that have been shown to increase biocompatibility to a certain extent. 
The ultimate goal, however, is still a long way off: to make biomaterials 
directly biocompatible with human beings. 

This thesis focuses on studies of biomaterial-induced complement 
complications (Paper I) and the contact system activation (Paper II), and on 
investigating biomaterial-induced complement activation in the fluid phase at 
the clinical level, including hemodialysis-related complement and leukocyte 
activation (Paper III) as well as in vitro and in vivo study of iC3 generation 
(Paper IV).    
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2. COMPLEMENT SYSTEM 

2.1 Overview 

Complement is one of the most ancient defense systems and can be found in 
animals at the bottom of the evolutionary tree [1]. Complement was first 
identified in 1890 as a heat-liable component that “complements” antibodies, 
wiping out bacteria. With more than a century of study since then, the 
complement system is now recognized as a central part of innate immunity, 
acting as a first line of defense that prevents, controls, or eliminates infections 
by pathogens; it serves to dispose of damaged cells from the circulation, 
initiates tissue repair, and serves as an interface between innate and adaptive 
immunity that induces and optimizes adaptive responses [2].  

There are three well-defined pathways in the complement system that differ in 
their means of initiation: the classical pathway (CP), the lectin pathway (LP), 
and the alternative pathway (AP). All of these three pathways merge in the 
same terminal pathway (TP), which forms a membrane attack complex 
(MAC) that punches a hole in the plasma membrane and causes cell lysis or 
triggers immune cell activation. More than 40 proteins, found either in the 
blood or cell membrane-bound, are now known to be involved in this complex 
cascade system, and their number is continuously growing. Proteins in the 
fluid phase are mainly produced in the liver and circulate in an inactive pro-
enzyme form, and proteins on the cell membrane surfaces are generally 
complement receptors and regulators [3]. 

Today, complement attracts critical attention because of its importance in 
biomaterial-related complications as well as the increasing number of clinical 
conditions that have been recognized as being associated with complement 
dysregulation. Our knowledge of the complement system is still expanding, 
with new components continually being discovered and pathways refined.  
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2.2 Complement C3 

C3 is the central and most abundant plasma protein of the complement 
system. Despite their distinct activation mechanisms, all three complement 
pathways lead to the formation of two C3 convertases, which cleave C3 into 
an active form, C3b, and trigger downstream complement activation. C3 
interacts in a number of ways with proteins and cells: Native C3, together with 
its degradation fragments, binds to more than 30 different ligands on cell 
surfaces, both self and non-self, and this number is continuously increasing as 
more ligands are found [4]. 

2.2.1 Structure 

Native C3 is an 185-kDa molecule composed of 13 domains and consists of 
two polypeptide chains,  and , held together by a disulfide bond [5]. 
Proteolytic cleavage (described below) of C3 generates C3a, which is a 9-kDa 
single anaphylatoxin (ANA) domain formed by 77 amino acids from the N-
terminal of the -chain [6]. The major fragment of C3 after cleavage, known 
as C3b, undergoes a conformational rearrangement in the -chain, exposing a 
hidden thioester. This thioester domain (TED) is formed between Cys988 and 
Gln991, providing a cryptic binding site for covalent attachment on antigen or 
material surfaces [7, 8]. Native C3 is much more inert than C3b, with a 
distinctly lower binding capacity and locked conformation, suggesting that the 
ANA domain may act as a barrier to inhibit conformational changes in C3 [6, 
9].   

Under physiologic conditions, C3b is inactivated by factor I (FI), generating 
iC3b and a small fragment, C3f (2 kDa, 17 amino acids) [6] and preventing 
excessive complement activation. Conversion from C3b to iC3b induces a 
notable conformational change, resulting in the TED domain being re-
allocated to the C3c core. A slower further degradation of iC3b by FI causes a 
profound rearrangement in the -chain, leading to C3c (135 kDa) being 
released into the fluid phase and a 40-kDa fragment C3dg with TED binding 
to the target surface [10]. C3dg has an affinity for binding to CR2 (CD21), 
stimulating B-cell activation and antibody responses [11]. 

2.2.2 Nucleophilic activation 

In the fluid phase, native C3 can be attacked by nucleophiles such as H2O, 
NH3, and CH3NH2 to generate a bioactive form, C3(H2O) or iC3, in what is 
known as the tick-over process. When nucleophilic attack on the thioester 
occurs, the TED domain and its connector CUB (complement C1r-C1s, Uegf, 
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BMP1) domain first swing away from the main structure of C3, resulting in an 
intermediate C3(H2O)*. C3(H2O)* can either reform native C3 or undergo a 
slow (1 to 3 h) irreversible -chain rearrangement, generating C3(H2O) [9, 12] 
(see Figure 1). This process can be accelerated by the presence of chaotropic 
compounds, gas bubbles, nonbiological materials, platelets, lipids, and other 
materials [13]. C3(H2O) and C3b have similar biological properties, except 
that C3(H2O) still contains the ANA.  

2.2.3 Proteolytic activation 

Cleavage of C3 into C3a and C3b by the C3 convertase is the key step in 
complement activation. This proteolytic activation first generates a metastable 
C3b* that has a short half-life of 60 μs. C3b* shares high similarity with 
C3(H2O)* in terms of both structure and functionality [9]. A small amount 
(10%) of C3b* can covalently bind to adjacent acceptor surfaces and become 
stable surface-bound C3b [12, 14]. The majority of the C3b* will be 
hydrolyzed into fluid-phase C3b and cleared from the circulation [15]. Bound 
C3b serves as a platform for the generation of the AP C3 convertase (C3bBb) 
and subsequent formation of the C5 convertase, and a marker for phagocytosis 
facilitated by immune cells. C3a is an anaphylatoxin that binds to C3aR 
receptors on leukocyte surfaces and acts as an immune cell activator and 
attractor in the fluid phase to stimulate inflammatory responses at all levels 
[16]. In addition to this classical role, C3a is also involved in cell migration 
and homing outside the complement system, modulating adaptive immunity, 
hemopoiesis, cell regeneration, and antimicrobial activity [17, 18].  

 
Figure 1. C3 activation. C3 can be activated by nucleophilic attack or by proteolytic 
cleavage. Nucleophilic attack forms the active form of C3 [iC3 or C3(H2O)] in the fluid 
phase. Proteolytic activation cleaves off C3a and generates surface-bound C3b or fluid-
phase C3b; the latter will be quickly cleared by the circulation. 
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2.3 The classical pathway 

The classical pathway (CP) is initiated when the C1 complex interacts with 
IgG or IgM bound to antigens that are present on bacterial or damaged cell 
surfaces, thereby facilitating the elimination of pathogen and apoptotic cells 
clearance (see Figure 2).  

The C1 complex (790 kDa) is composed of the recognition protein C1q and a 
tetramer formed by two pairs of proteases, C1r and C1s; this association is 
highly dependent on the presence of Ca2+ [19]. C1q has a structure like a 
“bouquet of tulips,” being composed of a stalk formed by heterotrimeric triple 
helices and six arms with globular heads that constitute recognition regions 
[20]. The six globular heads of C1q have binding affinity for one IgM 
molecule or up to six adjacent IgG molecules; however, the mechanisms 
underlying these protein interactions still remain poorly understood. It has 
recently been demonstrated that six IgG molecules are prone to form 
hexamers on a cellular surface through non-covalent binding via their Fc 
regions and thereby interact with C1q with high avidity [21]. Upon binding, 
the C1q molecule undergoes a conformational change that delivers an auto-
activation signal to the serine protease C1r; this enzyme activates C1s to 
cleave C4 and C2 [22]. Before activation, C1r2C1s2 exists as a proenzyme 
tetramer that assumes an 8-like shape within the C1 complex; once activated, 
it unfolds to an S-like shape and provides interaction sites for C4 and C2 [23, 
24].  

It is well known that the activated C1 complex cleaves C4 and C2 to form the 
CP C3 convertase, which cleaves native C3 molecules and triggers 
complement activation. However, it is still unclear how plasma proteins C2, 
C4, and C3 can approach a relatively restricted structure as the C1 complex 
with such high efficiency [25]. Both CP and LP activations cleave C4 into the 
active form C4b. C4 has high structural homology to C3, whose hidden 
thioester is exposed after cleavage to allow it to attach to antigen-antibody 
complexes or surfaces. The smaller cleavage product C4a has traditionally 
been considered an anaphylatoxin that is released into the circulation, but no 
receptor has been identified for C4a binding, nor has any immune response 
been linked to C4a, so the role of C4a may need to be reconsidered [26]. In 
the presence of Mg2+, C4b can bind to C2, and the C2 is then further cleaved 
by the C1 complex or MBL-associated serine proteases (MASPs), leading to 
the formation of the C3 convertase C4b2a [25]. 
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2.4 The lectin pathway 

The lectin pathway (LP) is initiated by mannose-binding lectin (MBL), 
ficolins, or collectin 11 (CL11 or CL-K1), which recognize mannose-
containing sugars or acetylated compounds found on pathogens and altered 
self structures [27-29]. These carbohydrates are rarely present on normal cell 
surfaces but are quite abundant on bacteria, viruses, and dead cell surfaces, 
giving complement a way to discriminate between self and non-self and 
eliminate dangers.  

The recognition proteins MBL, ficolins, and collectin 11 have structures 
similar to C1q, with a collagen stalk region and six arms containing 
recognition domains for binding. There are three types of ficolins present in 
human plasma: ficolin-1, ficolin-2, and ficolin-3. Both the ficolins and MBL 
are in complex with MASPs. Like C1r and C1s, MASPs exist as proenzymes 
in the circulation and become active once the pattern of MBL/ficolin binding 
to mannoses or acetylated structures has been recognized. Three types of 
proteolytically active MASPs have been identified in humans, MASP-1, 
MASP-2 and MASP-3, and two without proteolytic activity, MAP-1 and 
MAP-2 [30-34]. MASP-1 and MASP-2 are well defined in that they are 
associated with MBL/ficolin complexes that activate C4 and C2. Recent 
studies have shown that MASP-1 and MASP-2 are capable of directing 
fibrinogen cleavage and input into fibrinogen turnover by cleaving 
prothrombin into thrombin [35], and MASP-1 has also been reported to be 
involved in factor XIII cleavage [36, 37]. Thus, in addition to complement 
activation, MASP-1 and -2 also facilitate coagulation activation and clot 
formation. No conclusive biological function has yet been attributed to 
MASP-3, with limited studies showing that MASP-3 competes with MASP-2 
for binding [38]. 

Although the LP shows high structural similarity to the CP, and a study has 
indicated that the CP evolved from the more ancient LP [39], the activation 
mechanisms of the two pathways are different. C1q is in complex with two 
C1r-C1s pairs, so the binding signal is transmitted directly to C1r and C1s to 
initiate protein cleavage. In MBL/ficolin-MASP complexes, however, each 
MBL/ficolin is only associated with one MASP, either MASP-1 or MASP-2. 
Since each MBL/ficolin carries a different MASP, activation of the LP 
requires the juxtaposition of ficolin/MBL-MASP-1 and ficolin/MBL-MASP-2 
binding on pathogen surfaces [40]. A recent study has proposed a model for 
LP initiation in which MASP-1 entirely controls the process: A recognition 
signal from MBL/ficolin induces an auto-activation of MASP-1, which actives 
MASP-2 to cleave C4 into C4b. The generated C4b binds to C2 and becomes 
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associated with a MASP-1 present on the surface, which is responsible for the 
major cleavage of C2, and subsequently forms the C3 convertase, C4b2a [41]. 

2.5 The alternative pathway 

In contrast to the CP and LP, which are only triggered when there is a 
“danger,” the AP is permanently active at a low rate in healthy individuals 
[42]. It has been conventionally accepted that the AP is triggered by a 
spontaneous hydrolysis of C3, i.e., tick-over, which continuously hydrolyses 
C3 to C3(H2O) and initiates complement activation. C3(H2O) deposition on 
biological surfaces, such as activated platelets and liposomes, has been 
reported to initiate the AP [43, 44] and brings the tick-over theory into 
question, since C3(H2O) is more likely to be generated in a surface-stimulated 
manner than by spontaneous hydrolysis in vivo [13]. Furthermore, several 
molecules have been recognized as stimulating AP activation in vivo rather 
than relying on spontaneous hydrolysis; for example, heme from hemoglobin 
can bind to native C3 and generate C3(H2O) during hemolysis [45], 
complement Factor H-related protein 4A (CFHR4A) can recruit C3b and form 
the AP C3 convertase [25], and P-selectin (CD62P) can induce AP activation 
[46].  

C3(H2O) provides a binding site for factor B (FB) to form a C3(H2O)B* 
intermediate and can then be further cleaved by factor D (FD) to generate the 
AP C3 convertase C3(H2O)Bb in the fluid phase. This continuously formed 
convertase cleaves native C3 into C3a and C3b, and the latter covalently binds 
to adjacent surfaces to act as a platform for FB binding and subsequent FD 
cleavage, forming a conventional AP C3 convertase, C3bBb. C3bBb evidently 
has a higher cleavage capacity than C3(H2O)Bb in terms of C3a release [47]. 
Thus, the AP also acts as an amplification loop once C3b is generated by any 
pathway. 

C3bBb has a very short half-life of 90 s; hence, a stabilizer is required to 
ensure complement efficiency [47]. Properdin (P), which is the only positive 
regulator recognized thus far in plasma, is able to stabilize the AP C3 
convertase, increasing its half-life by five to ten times [48]. P is composed of 
identical monomers that associate head-to-tail to form cyclic dimers, trimers, 
tetramers, or multimers, and this oligmerization strongly determines its 
functionality [49]. P not only binds to C3 convertase but also binds to C3b and 
the pro-convertase C3bB [50]. 

Recent studies have indicated that P also serves as a recognition molecule to 
distinguish self from non-self and initiate AP activation [50-52], so a 
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properdin pathway was proposed in parallel with the other three pathways 
[53]. However, P working independently of C3 in vivo is an elusive condition 
because the tick-over process iteratively provides C3b ligand for P binding. 
Thus, a refined concept has been established: P can either stabilize the C3bBb 
convertase by covalent binding or can serve as a platform for new C3bBb 
assembly by non-covalently binding, and both mechanisms need surface-
bound C3b, which is generated by the tick-over process [54].  

2.6 The terminal pathway 

With the binding of an additional C3b to the C3 convertase, either C4b2a or 
C3bBb, a C5 convertase is formed to proteolytically activate C5 and initiate 
the terminal pathway (TP) of complement. Once C3b is covalently bound to 
the C3 convertase, it loses the ability to cleave C3 and starts to cleave C5 
instead, thereby generating the anaphylatoxin C5a and the major component 
C5b. C5a, similar to C3a but with much potent activity, is a small peptide (10-
14 kDa) that plays an essential role in recruiting immune cells and inducing 
inflammatory responses by interacting with receptors (C5aR1 and C5aR2) 
present on leukocyte surfaces [55]. C5aR2 is thought to have a dual role, 
participating in both pro-inflammatory and anti-inflammatory responses [56, 
57].  

C5b is a metastable molecule that undergoes a marked structural change upon 
cleavage and reveals a binding site (TED) for C6. The C5b-6 complex is the 
first stable intermediate in TP formation [58, 59]. Further association with C7 
provides the complex with lipophilic properties (the ability to bind to cell 
membranes) [60], and binding of C8 enables it to penetrate the lipid bilayer 
[61]. C8 is a trimer composed of homologous proteins C8 , C8 , and a 
lipocalin protein C8 , and C8  is the first protein that crosses the lipid bilayer 
[62]. The binding of C8 to C5b-7 induces a conformational change in the 
complex and results in the loss of the pore-forming ability, which makes C8 
both a MAC inhibitor and contributor to the complex [63]. C5b-8 destabilizes 
the cell membrane and serves as a receptor or nucleus for C9 oligomerization. 
C6 to C9 are homologous proteins with a central MAC-perforin domain; 
therefore, they are able to form the -barrel pore and insert into the cell 
membrane [59]. Multiple copies (commonly 12-18, in certain cases 1-2) of 
C9, together with the C5b-8 complex, form a trans-membrane tubule (100 ± 
10 Å inner diameter and 160 Å high), which induces a Ca2+ flux and directs 
cell lysis [25, 64, 65]. The deposition of C5b-9 on cell membranes, together 
with its induced Ca2+ flux, triggers platelet activation (described in chapter 
3.2) and pro-coagulant activity, and stimulated platelet can release C8 and C9 
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[44]; therefore the complex also serves as an interface for crosstalk between 
complement and coagulation [66].   

In the absence of a cell membrane, the soluble terminal complement complex 
sC5b-9 is generated in the fluid phase. This complex acts as a potent pro-
inflammatory mediator that triggers PMN activation and induces cytokine 
release, primarily through inflammsome activation, in addition to directly 
inducing pathogen lysis [67, 68]. The sC5b-9 differs from the MAC in its 
basic properties: It is a hydrophilic complex with a globular structure, and has 
a different antigen-binding affinity [69].  

 

 
 
Figure 2. Complement activation, amplification, and effects on a microbial cell surface. 
Complement activation can be triggered by the classical pathway (CP), the lectin pathway 
(LP), or the alternative pathway (AP). All three pathways form the C3 convertases C3bBb 
(AP) or C4b2a (CP/LP), which bind to one C3b molecule and generate the C5 convertases 
(C3bBbC3bP/C4b2aC3b). Once C3b is formed, the amplification loop can be triggered 
with more C3bBb convertase formation. C5 convertases cleave C5 into C5a and C5b, 
which initiates the terminal pathway, generating the MAC complex on the cell membrane. 
The anaphylatoxins C3a and C5a activate and recruit immune cells that phagocytose the 
target cells.  
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2.7 Complement regulators 
2.7.1 C1-inhibitor 

C1-inhibitor (C1-INH), a member of the serine-protease inhibitor (serpin) 
superfamily, is the most multifunctional plasma protease inhibitor [70]. It 
regulates proteases generated by the complement system (C1r, C1s, MASPs), 
the contact system (factor XII [FXII], factor XI [FXI], and plasma kallikrein 
[PK]) [71], as well as the fibrinolytic system (plasmin, tissue plasminogen 
activator) [72].  

C1-INH is a single polypeptide chain (105 kDa) consisting of a serpin domain 
and a heavily glycosylated amino-terminal domain. C1-INH can reversibly 
bind to inactive C1r and C1s to suppress auto-activation of the C1 complex 
[73], or it can covalently interact with C1r and dissociate the active C1 
complex [74] (see Figure 3). In addition, C1-INH is capable of inhibiting 
MASP-1 and MASP-2 and it contributes to the majority of the inhibition of 
FXII and kallikrein (KK) [75]. In addition to covalently binding to proteases 
to inhibit them, C1-INH also non-covalently interacts with various substances 
such as extracellular matrix components, endothelial cells, leukocytes, Gram-
negative endotoxins, and several infectious agents, producing a vital 
functional outcome [75]. C1-INH deficiency results in the autoimmune 
disease hereditary angioedema (HAE), resulting from either a low 
concentration (type I) or impaired function (type II) of the inhibitor, and 
recombinant C1-INH is used for the therapeutic treatment of HAE [76, 77].  

2.7.2 C4b-binding protein 

C4b-binding protein (C4BP) is a circulating soluble inhibitor of the CP and 
LP. It plays a dual role in dissociating the C3 covertase C4b2a and also acting 
as a co-factor for FI in degrading C4b; moreover, C4BP can also activate B 
cells by binding to the CD40 ligand (CD40L) [78]. 

C4BP is a large molecule (570 kDa) with an octopus-like structure: six to 
eight identical -chains and a single -chain linked together by disulfide 
bridges in their C-terminal regions [79]. Each -chain contains eight 
complement control protein (CCP) domains, in which the CCP 1-3 region is 
responsible for binding to C4b, C3b, porins, M-protein, and heparin. One -
chain has the ability to bind to one C4b molecule through sensitive ionic 
interactions [80], but it has been estimated that only as many as four C4b 
molecules can be captured by one C4BP because of steric hindrance [81]. In 
the circulation, the -chain always associates with a vitamin K-dependent S 
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protein in a high-affinity interaction, forming C4BP-protein S, which can bind 
to negatively charged surfaces such as cell membranes and provides C4BP 
with the potential to protect both host cells and pathogens [78].  

2.7.3 Factor I 

Factor I (FI), present at an average concentration of 35 μg/mL in plasma, is a 
member of the serine protease group that inhibits C3b and C4b activation by 
degrading them into the inactive forms iC3b and iC4b, in the presence of the 
fluid phase co-factors factor H (FH) and C4BP, respectively. As described 
above, it can cleave both surface-bound and soluble C3b/C4b at their CUB 
domains and thereby regulates both AP and CP activation [82].  

FI is an 88-kDa glycoprotein synthesized as a polypeptide chain that is further 
cleaved into two chains linked by a disulfide bridge: a heavy chain (50 kDa) 
and light chain (38 kDa) [83]. Unlike the other serine proteases, which are 
present in inactive proenzyme form in the plasma, FI circulates in an active 
form, but with a restricted conformation in which the heavy chain 
allosterically inhibits the catalytic activity of the light chain. Once FI enters 
the C3b-cofactor complex, the heavy chain inhibitory effect is disrupted by a 
transformation of the heavy/light chain interface, inducing a rearrangement in 
the light chain and exposing a catalytic site, which cleaves C3b to yield the 
iC3b fragment [84]. Consequently, FB binding site on C3b is disrupted, and 
interactions between iC3b and other complement regulators are reduced [85]. 
In addition, a new binding surface is generated on C3b for interaction with the 
leukocyte receptors CR3 (CD11b/CD18), CR4 (CD11c/CD18), CRIg, and 
CR2 (CD21), triggering phagocytosis and B-cell activation, respectively [86-
88]. 

2.7.4 Factor H 

FH is a 155-kDa soluble glycoprotein that regulates AP activation. It is 
predominantly produced in the liver and circulates in the blood at a 
concentration of 0.3-0.8 mg/mL. In the fluid phase, FH controls complement 
activation by blocking the C3(H2O) binding site to prevent its further 
interaction with FB, as well as disassociating the already-formed C3 
convertases, C3(H2O)Bb, at a low rate [89, 90]. A more important role for FH 
is inhibiting surface-bound C3 convertase assembly to prevent complement 
activation and especially regulating the amplification loop. FH efficiently 
competes with FB for binding to C3b, and once bound it recruits FI to degrade 
C3b to iC3b, thus inhibiting further complement activation. It can also 
irreversibly accelerate the decay of C3bBb to C3b and Bb, thereby preventing 
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further C3b amplification [91]. Interactions with properdin can alter the C3b 
structure, and particularly its FH binding site [92]; therefore, the P stabilized 
convertase (C3bBbP) is relatively resistant to FH decay. 

FH is composed of 20 individual CCPs that form a “string of beads.” Each 
protein module has a different function, even though the modules all share 
high structural similarity [93]. Among these regions, CCP 1-4 and CCP 19-20, 
which are located at the ends (N- and C-termini, respectively) of the molecule, 
have attracted the most attention, since CCP 1-4 is responsible for decay 
acceleration and co-factor activity, and CCP 19-20 is able to bind to C3b. 
Negatively charged CCP 1-2 displaces Bb by electrostatic repulsion, and CCP 
3-4 supportively interacts with the CUB and TED domains on C3b to 
disassociate C3bBb and provide a platform for FI binding [94]. CCP 19-20 
can interact with the TED domain, providing a second binding site for C3b 
that is also critical for FH’s recognition of iC3b and C3d [95]. 
Glycosaminoglycan (GAG) is a vital component of the cell membrane, and 
FH recognizes GAG via the CCP 7 and CCP 20 domains through a strong 
bivalent interaction. FH can be recruited to the host cell surface via these two 
domain interactions with heparan sulfate and still retain its capacity for 
binding and enzymatic interactions with C3b through the CCP 1-4 domains 
[96]. The intermediate regions facilitate the folding of FH into a backwards 
hairpin structure to optimize the molecule’s binding to cell surfaces [95].  

2.7.5 Inhibitors of the membrane attack complex  

The TP is important for immune defense, but unregulated MAC formation 
causes host cell damage and leads to undesirable disease symptoms. 
Vitronectin (Vn) and clusterin (Cn) can bind to the amphiphilic MAC 
intermediates C5b-7, C5b-8, and C5b-9, forming soluble inactive products, 
and preventing the polymerization of C9 by inducing a conformational change 
to achieve the amphiphilic-hydrophilic transition [97, 98].  

CD59, a 77-amino acid glycosylphosphatidylinositol (GPI), is an anchor 
regulator present on most cell surfaces. It inhibits MAC formation by blocking 
at the C5b-8 stage, inhibiting further C9 association with the complex and 
preventing the insertion of already-formed C5b-9 into cell membranes [99]. A 
deficiency of CD59 has pathologic consequences, and recombinant CD59 is 
used as a therapy for paroxysmal nocturnal hemoglobinuria (PNH) [100]. 
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Figure 3. Complement regulation on a host cell surface. C1-INH acts by both preventing 
initiation complex formation and disassociating formed C1-complex/MBL-MASP. C4BP 
and FH act as cofactors for FI to inactivate C4b/C3b or accelerate the decay of the formed 
C3 convertases. Vitronectin (Vn) and clusterin (Cn) in the fluid phase, together with cell-
bound CD59, act to prevent MAC formation and insertion into the cell membrane.  
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3. HEMOSTASIS 

3.1 Overview 

Hemostasis is the physiological process of controlling blood flow to prevent 
blood loss after vascular injury. It involves three steps: blood clotting to 
prevent blood loss, dissolving clots, and repairing damaged tissue. The first 
event in hemostasis is vascular constriction to limit blood flow to the injury 
site; platelets also become activated and aggregate to form an initial platelet 
plug. The coagulation system is subsequently activated, stabilizing the plug by 
forming a more stable clot. Finally, under normal physiological conditions, 
the clot is dissolved through the action of plasmin, and a rapid healing process 
takes place.  

Inappropriate clotting is referred as thrombosis; it occurs as a result of 
pathological clot formation and causes morbid reactions in the host. 
Disturbances in the complement system can also result in thrombotic 
symptoms, such as in atypical hemolytic uremic syndrome (aHUS) [101] and 
PNH [102]. Although hemostasis and thrombosis lead to distinct outcome in 
the host, they share similar activation mechanisms.   

3.2 Platelets 
3.2.1 Role of platelets 

Platelets were first identified as small individual components of blood (small 
in comparison to erythrocytes and leukocytes) in 1882 [103]. Mammalian 
platelets are anucleated cells produced by cytoplasmic fragmentation of 
megakaryocytes in the bone marrow. They have a lifespan of 10 days and 
circulate in a discoid shape with a smooth membrane and a diameter of 2-4 
μm. A healthy person produces 100 109 platelets per day and maintains a 
total platelet count of 150,000-400,000/μL [104]. Upon activation, the 
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platelets’ shape and structure undergo dramatic changes, with their discoid 
surfaces being transformed and intracellular granules being released. 

Platelet membranes contain numerous small pores, known as an open 
canalicular system (OCS), that connect the interior with the exterior and 
provide a larger cell surface for interactions with various ligands [105]. There 
are three types of granules: lysosomes, alpha granules, and dense granules. 
Platelet granules contain secretory mediators that are responsible for the main 
functions of platelets, including hemostasis and vasomotor functions, 
recruiting cells, and inducing inflammatory responses through crosstalk with 
the complement system [106].  

Platelet is the key component in hemostasis and thrombosis. Even though it 
does not directly interact with blood vessels, it responds first at the damage 
site, providing a platform for the catalytic events of the coagulation system, 
and triggering subsequent host reactions.  

3.2.2 Platelet activation under physiological conditions 

Healthy endothelial cells do not interact with platelets, so they are kept in a 
quiescent state. Once damage occurs to a vascular surface, the endothelial 
layer is disrupted, and subendothelial components are exposed for interaction 
with platelets.  

The initial step is platelet adhesion to the endothelial surface, which is 
facilitated by interactions between von Willebrand factor (vWF) present in the 
subendothelial matrix and the glycoprotein (GP)Ib-IX-V complex expressed 
on platelet surfaces [107]. Collagen serves as a support for the blood vessel 
wall, and under normal conditions, it is concealed within the endothelium. 
Damage to the endothelial cell layer exposes collagen for binding to the 
platelet receptors GPVI and 2 1, by which platelet adhesion is “secured” 
[108]. The mechanisms of interaction between GPIb-vWF, collagen-GPVI, 
and collagen- 2 1, the order in which they occur, and their contributions to 
platelet adhesion are still unclear.   

The adherent platelets can be activated by adenosine diphosphate (ADP) and 
collagen present in the surrounding environment, leading to the release of 
Ca2+ from intracellular stores that results in a flux across the membrane [109]. 
Concomitantly, the shape of the platelets changes dramatically from a disc to 
a spiny sphere. Meanwhile, granule contents such as ADP are released and 
thromboxane A2 is produced, which will in turn recruit additional platelets to 
the site, forming an amplification loop for platelet aggregation [110]. 
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GPIIb/IIIa is an integrin receptor present on the platelet surface. Once the 
conformational transformation occurs, this integrin becomes active for 
binding to fibrinogen, which serves as a bridge to connect adjacent platelets 
[107]. Other ligands such as junctional adhesion molecules (JAMs) [111], 
signalling lymphocyte activation molecule (SLAM) family proteins [112], and 
CD40L [113] are also reported to be involved in platelet aggregation, but their 
functions remain to be fully elucidated. 

Stimulated platelets express or bind a number of complement molecules, 
including complement regulators, which results in a strong crosstalk between 
complement and platelet activation [114]. P-selectin, stored in the alpha 
granules in resting platelets, which is fused and exposed on platelet membrane 
after activation, is able to bind to its PSGL-1 on activated leukocytes. In 
addition, adhered active platelets can attract circulating leukocytes through 
interactions between GPIb  and the leukocyte integrin CR3 (CD11b/CD18, 
Mac-1), leading to inflammatory responses [115]. Furthermore, C3(H2O) 
adsorbed to the surface of activated platelets has recently been identified as 
another ligand to promote formation of complexes between platelets and 
PMNs by binding to CD11b/CD18 [116]. 

Activated platelets provide surfaces for secondary hemostatic activation. The 
negatively charged phospholipids are transferred from the inner to the outer 
leaflet of the membrane, which acts as a platform for coagulation cascade 
activation and thrombin generation [117]. 

3.3 Coagulation 
3.3.1 Overview 

The coagulation system is the secondary cascade of hemostasis, which is 
formed by a series of self-amplifying zymogen-enzyme interactions occurring 
mainly at activated platelet surfaces [118, 119]. The zymogen coagulation 
factors are activated in a stepwise order, initially described as a “water-fall” 
cascade [120], with one activated enzyme catalyzing the activation of a 
subsequent zymogen in a sequential order. The coagulation cascade is 
initiated by two pathways: the contact pathway (intrinsic) and the tissue factor 
(TF) pathway (extrinsic), and both pathways lead to a common pathway that 
generates thrombin and cross-linked fibrin, forming a net to trap blood cells 
and resulting in a stable blood clot (see Figure 4). The terms intrinsic and 
extrinsic are based on the fact that all the factors from the intrinsic pathway 
are blood-borne, whereas TF is derived from the extravascular tissue. 
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Crosstalk between coagulation and inflammation has been recognized, and 
various factors have been shown to be both pro-coagulant and pro-
inflammatory, such as factor X (FX), thrombin [121], kallikrein (KK) [122], 
and factor XII (FXII) [123]. In the defense against pathogens, continuous 
inflammatory stimuli may ultimately induce fibrin formation and immune cell 
recruitment [124].  

3.3.2 The tissue factor (TF) pathway 

The TF pathway is believed to be the main contributor to coagulation 
activation in vivo. It is initiated by TF, a transmembrane glycoprotein receptor 
expressed on vascular cells and immune cells that is exposed and available for 
binding to circulating factor VII (FVII) after endothelial barrier damage or 
platelet/leukocyte stimulation occur [125]. TF binds to the inactive form of 
FVII and subsequently activates it, or it directly binds to its active form, 
FVIIa, which also circulates in the bloodstream but at a low concentration 
[126]; together they form a catalytic complex, TF:FVIIa. This extrinsic tenase 
is able to active FIX and FX into FIXa and FXa, respectively, which will lead 
to a small amount of thrombin generation. The active thrombin catalyzes the 
conversion of FXI and cofactors FVIII and FV to form efficient FXIa:VIIIa 
complexes (intrinsic tenase) and FXa:FVa complexes (prothrombinase), 
which will, in turn, boost the ongoing activation of the TF and contact 
pathways and amplify the already massive thrombin generation [127].  

Although TF is the major trigger for physiological coagulation, it has a rather 
low pro-coagulant activity. Therefore, the suggestion has been made that TF 
presents in an inactive form under normal conditions, and upon stimulation, it 
converts to an active form; however, the exact mechanism of this conversion 
is still unknown [128]. It has been reported that under different pathological 
conditions, circulating TF is found in the form of TF-positive microparticles, 
which are small membrane fragments released from leukocytes, platelet, and 
vascular cells, suggesting that circulating TF contributes to thrombosis in 
patients with various underlying diseases [129-131].  
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Figure 4. Coagulation activation in vivo. The coagulation cascade can be triggered by 
either the tissue factor (TF) pathway or the contact activation pathway. Blood vessel 
damage will expose TF on the subendothelium for interaction with FVII and activate it into 
FVIIa. Adsorbed FXII generates -FXIIa and actives FXI to FXIa. FIX and FX will 
subsequently be activated by either FXIa or FVIIa and form the catalytic complex FXa:Va 
that converts prothrombin (PT) into thrombin. Thrombin catalyzes FVIII and FV into their 
active forms, which in turn amplify thrombin formation. Thrombin cleaves fibrinogen into 
fibrin fibers, which will be stabilized by thrombin-activated FXIIIa. 
 

3.3.3 The contact activation pathway 

The contact activation pathway is composed of four plasma proteins: factor 
XII (FXII), prekallikrein (PK), factor XI (FXI), and high molecular weight 
kininogen (HK). The initial event in the contact activation pathway is the 
direct adsorption of FXII or the binding of PK via HK to negatively charged 
surfaces, leading to automatic conversion into their active forms, -FXIIa and 
KK, respectively, and subsequent release of -FXIIa into the fluid phase 
[132].  
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Activated -FXIIa is able to cleave FXI into FXIa and initiate a sequence of 
cascade events, which cleave FX into FXa and generate thrombin. Thereafter, 
intrinsic tenase (the FXIa:FVIIIa complex) is formed to amplify thrombin 
formation. -FXIIa is also able to initiate the kallikrein-kinin pathway: -
FXIIa is both an activator and a substrate for PK activation, so these two 
molecules can form a short activation loop to amplify the initial signal [133]. 
HK is not only a cofactor for both FXI and PK, but it is also able to bind to 
negatively charged surfaces, and both roles are crucial for its pro-coagulant 
activity [134]. When HK is cleaved by KK, a nonapeptide mediator, 
bradykinin (BK), is released. The BK then binds to the kinin B2 receptor 
(B2R) present on many tissues such as neurones, intestine, kidney, and heart 
[135], triggers an inflammatory response, giving the contact activation system 
a dual pro-inflammatory and pro-coagulant function [136] (see Figure 5).  

FXII is an 80-kDa single-chain polypeptide that circulates in plasma in an 
inactive form. Once bound to anionic surfaces, it undergoes spontaneous 
cleavage into two polypeptide chains held together by a disulfide bond [137]. 
The exact mechanisms of FXII adsorption to surfaces remain elusive, and its 
role in coagulation is still under debate. In addition to anionic and hydrophilic 
artificial surfaces [133], physiological surfaces have also been reported to 
support FXII binding, such as platelet polyphosphate [138], RNA [139], 
misfolded proteins [140], and collagen [141], providing new insight into FXII 
activation in vivo. 

Proteases of the contact system (FXIIa, FXIa, and KK) can be regulated by 
the serpin C1-INH and antithrombin (AT) to avoid excessive clotting. C1-INH 
has been traditionally regarded as the predominant inhibitor of the contact 
system proteases [142], but recent studies have demonstrated that in platelet- 
or fibrin-triggered contact activation, AT is exclusively responsible for the 
activation’s regulation [143, 144].  

The contact activation pathway is conventionally considered to be less 
significant than the TF pathway in physiological hemostasis, and it was once 
accepted that the TF pathway overwhelmingly and even exclusively initiated 
thrombin formation, since a deficiency of either FXII, PK, or HK does not 
result in a bleeding disorder in humans [118, 145, 146]. Under pathological or 
biomaterial-related conditions, however, the contact activation pathway plays 
the primary role in initiating the coagulation cascade [133], and results from 
the FXII knockout mouse model indicate that FXII makes an essential 
contribution to thrombosis [147]. In both situations leading to hemostasis and 
thrombosis, the contact activation pathway serves as an amplifier for FXa 
generation, which is the merge point for the contact and TF pathways.  
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Figure 5. Contact activation on a negatively charged surface or misfolded protein 
surface. FXII adsorbed on a negatively charged surface or misfolded protein surface 
undergoes a conformational change that generates surface-adsorbed -FXIIa and 
subsequently liberates -FXIIa. Two pathways are initiated. To the left: activation of FXI 
that subsequently leads to coagulation activation; to the right: activation of kallikrein 
pathway that induces an inflammatory response. Fluid phase-activated components ( -
FXIIa, FXIa, KK) will be inhibited by either C1-INH or AT. 
 

3.3.4 The common pathway and fibrin formation 

The common pathway starts from FXa generation, which can be induced by 
either the TF or the contact pathway, and a small amount of thrombin is 
formed. Thrombin catalyzes the activation of the cofactors FVa and FVIIIa, 
and it probably serves as the key contributor to FXIa activation [148].  
Through a positive feedback loop from intrinsic tenase, in the presence of 
Ca2+, FXa generation increases 50- to 100-fold, making it efficient for 
prothrombinase formation [149]. Prothrombinase is located in the 
phospholipid bilayer, which is provided by activated platelets or other cells, 
and when Ca2+ is present, it dramatically catalyzes the conversion of 
prothrombin to thrombin to a sufficient extent for clot formation to occur.  

In addition to the activation of factors/cofactors, the major role of thrombin is 
to convert soluble fibrinogen to insoluble fibrin fibers, the endpoint of the 
coagulation system. Fibrinopeptide A (FPA) is first cleaved from fibrinogen 
to form a fibrin monomer that can spontaneously link to adjacent fibrin 
molecules, resulting in a soluble protofibril strand. This protofibril can be 
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stabilized by a secondary cleavage of fibrinopeptide B (FPB) [150], and then 
covalently cross-linked by thrombin-activated FXIIIa to form a stable fibrin 
network. FXIII is important for bleeding control, and a deficiency in FXIII 
will result in a bleeding disorder [151].  

Thrombin is also a potent platelet attractant and activator. It can recruit active 
platelets through interactions with platelet protease-activated receptor (PAR) 1 
and 4, and cleave the receptor to leave a tethered ligand on the platelet for 
subsequent auto-activation [152]. The recruited platelets can in turn provide 
more surfaces for thrombin generation, so that clot formation is enhanced and 
stabilized [153].  
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4. BIOMATERIALS 

4.1 Introduction 

A biomaterial refers to any material that makes contact with a biological 
system. Although its first use dates back to before civilization, the term 
“biomaterial” is a relatively new concept that has been in use for only 60 years 
[154]. One definition is: 

“A biomaterial is a nonviable material used in a medical device, intended to 
interact with biological systems.” [155] 

Biomaterials in early use commonly existed materials that were considered to 
be bioinert, such as glass eyes and gold tooth fillings. Having evolved for 
more than half a century, modern biomaterials are bioactive and are designed 
to produce desired responses toward the surrounding biological environment 
[156]. 

Today, biomaterials are widely used in the clinical and biological fields, and 
they have become an indispensable part of medical therapy and spawned an 
industry with enormous potential. The global market for biomaterials in 2012 
was $44.0 billion, with an annual growth rate of 15%; the market is expected 
to reach $88.4 billion by 2017 [157]. 

Biomaterials can either be synthetic materials or modified biological 
compounds. The synthetic biomaterials include many different types of 
materials, such as ceramics, polymers, metals, and composites. The 
applications for each material vary according to the material’s properties and 
the desired purposes. For example, polymers are commonly used in 
intraocular and contact lenses, vascular grafts, and drug delivery systems; 
metals are mainly used for screws, fixations, and dental implants; ceramics are 
widely used for heart valve implants and bone replacements [158, 159]. In 
addition to traditional implants and devices, biodegradable biomaterials, 
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which are considered “smart materials,” are designed to actively participate in 
the regenerative process in damaged tissues, and they are considered to be a 
fourth-generation biomaterial. Common applications today including drug 
delivery systems and tissue engineering [160].  

These biomaterials undoubtedly improve patients’ quality of life. However, 
the postoperative complications they experience still critically limit the 
broader use of biomaterials. Given the fact that any artificial surface will 
trigger an activation of innate immunity, it is impossible for a biomaterial to 
be totally tolerated by the host. It can only be more biocompatible, i.e., 
interact more properly with the biological system [161, 162]. Studies related 
to improving biocompatibility have been carried out since the 1980s, but they 
are still in their infancy, underscoring the importance of studying interactions 
between biomaterials and biological systems. 

4.2 The material-blood interaction 
4.2.1 Initial protein adsorption 

When a biomaterial comes into contact with a biological system, most notably 
blood, the first event to occur is a rapid protein adsorption onto the material 
surface, which can be observed within the first second [163]. The plasma 
proteins form a monolayer on the material surface, and the composition of the 
protein layer and the amount of the individual protein deposited is mainly 
affected by the material’s inherent chemical and physical properties [164, 
165].  

Once bound to the surface, some proteins may retain their biological and/or 
conformational activity, but most proteins will undergo conformational 
changes, and some may be denatured [166]. These proteins can trigger a 
subsequent innate immune activation, leading to various host reactions, such 
as thrombosis or an inflammatory response (see Figure 6). 

4.2.2 Activation of the cascade system  

Among plasma proteins, IgG [167] and C3 [168] preferentially bind to 
material surfaces in their altered conformations, thereby triggering CP and AP 
activation, respectively. Once the complement system is activated, C3b and its 
degradation fragment iC3b covalently bind to the protein film surface and 
activate the amplification loop, generating more C3b fragments, which will 
ultimately conceal the initial protein layer, enhancing the release of the 
anaphylatoxins C3a and C5a, as well as sC5b-9 into the fluid phase [169]. 
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These anaphylatoxins are potent chemoattractants that bind to PMNs and 
monocytes and recruit them to the biomaterial site. Active leukocytes 
recognize surface-bound C3b or iC3b fragments via ligands such as 
CD11b/CD18 and initiate opsonization and cytokine release [166]. The 
biomaterial device is commonly too large for uptake by the cells, so a 
persistent attack by immune cells will occur at the material surface, a so-
called “frustrated phagocytosis,” which results in the degradation of immune 
cells and cytokine release [170]. 

Thrombi on biomaterial surfaces are formed by platelet-mediated reactions 
and coagulation activation [171]. Plasma proteins such as fibrinogen, 
fibronectin, and vitronectin are potent mediators of platelet adhesion, and they 
are prone to bind to material surfaces. A tiny amount of fibrinogen (~7 
ng/cm2) is sufficient to induce primary platelet activation via integrin aIIb 3 
interactions [172]. FXII adsorbed onto material surfaces automatically 
activates the contact pathway of the coagulation cascade, without the 
necessity of assembling the activation complex [173], generating thrombin 
that can, in turn, extensively activate platelets. In addition, surface-bound IgG, 
IgM, and human serum albumin (HSA) can potentially activate FXII, leading 
to contact pathway activation and the following clot formation [174, 175]. 

Generally, biomaterial surfaces lack complement or coagulation regulators. 
Therefore, once the cascade system is activated, it can spin out of control, 
resulting in the accumulation of anaphylatoxins and the activation of immune 
cells. With the persistent stimuli coming from the biomaterials, side effects 
may occur in the host, including inflammation, thrombosis, and other adverse 
local or systemic effects. On the material side, prolonged enzymatic attack 
may result in corrosion or degradation of the material, as well as leaking of 
associated components, all of which harm the host and likely lead to serious 
problems [176]. 
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Figure 6. Cascade system activation on a biomaterial surface. Plasma proteins will 
quickly adsorb to a material surface when it makes contact with blood. On top of the 
plasma protein film, complement (left) and coagulation (right) will be triggered and 
amplified, generating either anaphylatoxins that recruit leukocytes and induce an 
inflammatory response or thrombin that recruits platelets and catalyzes clot formation. 
Crosstalk occurs between cascades. 
 

4.3 How to increase hemocompatibility 

Since no synthetic biomaterial can be totally hemocompatible, biomaterial 
design can always be improved. In recent decades, researchers have 
extensively studied ways to improve the hemocompatibility of various 
biomaterials, and a number of methods have been shown to reduce 
biomaterial-induced complement and coagulation activation. As discussed 
previously, the characteristics of the biomaterial surface substantially 
determine the composition and conformation of the adsorbed plasma proteins, 
so surface modification is the central approach for achieving better 
biomaterial design. The strategies discussed here include passive shielding, 
active coating, auto-protecting surfaces, and use of nano-structural surfaces 
(see Figure 7). 
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4.3.1 Passive shielding 

Passive shielding is a technique to turn biomaterial devices into biological 
inert constructs, so-called “non-fouling” or inert surfaces, thereby protecting 
them from immune system recognition. The passive shielding surfaces are 
coated with polymer “brushes,” which are densely grafted hydrophilic 
polymers, usually with a curled confirmation; therefore, they make it 
unfavourable for the plasma proteins to access to the surface because of the 
higher energy level on the material side [177-179].  

Polyethylene glycol (PEG) coating is the most widely used technique and is 
considered the current gold standard for biomaterial coating. Despite the fact 
that a significant reduction in protein adsorption can be achieved by the PEG 
coating [180], complement activation is still abundant in the fluid phase [181]. 
There has been a growing recognition of the fact that PEG-induced antibodies 
develop in the host after contact is made with PEG-coating surfaces, 
suggesting that PEG is both immunogenic and antigenic rather than “inert.” 
These anti-PEG antibodies can therefore raise undesirable immune responses 
in the host [182].  

Recently, zwitterionic polymer brushes have been well investigated and 
documented. A zwitterionic polymer has a monomeric structure similar to the 
lipid end group of the outer cell membrane [183]. This neutral biomimicking 
polymer coating has shown great success in attenuating coagulation and host 
inflammatory responses [184-186]. In vivo studies have been carried out with 
surface coating of vascular catheters; this research has indicated that the 
approach has transformative potential for a wide range of medical applications 
[187].  

Passive shielding is the most commonly used technique for biomaterial 
protection because of its low cost, easy manufacture, and stable performance 
in harsh environments such as human blood. However, most biocompatibility 
evaluations for this type of biomaterial are only based on resistance to protein 
adhesion. When a hydrophilic material surface contacts the blood, there may 
be a transient complement recognition and activation on the material surface, 
and then complement proteins are detached from the material surface, leaving 
anaphylatoxins generated in the fluid phase [188]. So the “non-fouling” 
surfaces may actually cause substantial complement activation in the fluid 
phase, inducing inflammatory responses in the host even without observed 
protein adsorption on the surfaces. To achieve a truly biocompatible design, 
analysis of innate immune activation in the fluid phase must be taken into 
consideration [189]. In addition, this polymer coating is not suitable for 
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biological biomaterials, since it will block the transport of nutrients and 
oxygen [190]. 

4.3.2 Active coating 

In contrast to passive shielding, regulator coated surfaces are designed to 
actively react with the surrounding environment and directly regulate immune 
system responses. Complement and/or coagulation regulators are conjugated 
to the biomaterial surface by either directly attachment or indirectly by 
polymer ligands.  

Heparin coating is the most extensively used method for actively coating 
surfaces, conferring both anticoagulant and anti-inflammatory properties on 
the biomaterial. Heparin can covalently bind to a charged polymer surface and 
thereby significantly reduce complement, leukocyte, and platelet activation 
[191]. The accepted hypothesis for heparin regulation is related to its affinity 
for FH and AT from the circulation [192]. The drawbacks of heparin coating 
are also remarkable: Heparin has a broad specificity for many plasma proteins, 
a property that may produce undesired effects in the host [193]. The heparin 
concentration required to attenuate coagulation is much lower than that for 
complement, so the heparin coating is insufficiently effective in regulating 
both cascades [194]; a significant reduction in heparin efficiency is detected 
when it is immobilized on material surfaces. 

Conjugating natural regulators of complement activation (RCA) to biomaterial 
surfaces is another strategy for increasing biomaterial hemocompatibility. 
Among RCAs, FH regulates the AP and directly attenuates the complement 
amplification loop, providing the most promising outcome for a biomaterial 
design. FH binding has been shown to confer a specific complement-
inhibition property on a biomaterial [195]. FH can be conjugated to a material 
surface by polymer linkers such as PEG or N-succinimidyl 3-(2-pyridyldithio) 
propionate (SPDP), and both strategies can completely inhibit complement 
activation [195, 196]. Significant drawbacks of this method are the cost of 
preparation and immobilization, the reduction in FH activity after conjugation, 
and the risk of inducing host intolerance because of the involvement of 
modified proteins. 

4.3.3 Auto-protecting surfaces 

Auto-protecting surfaces can attenuate cascade activation without RCA 
immobilization on the surfaces. These surfaces are designed to specifically 
recruit RCAs from the host to the biomaterial site after implantation, so they 
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have a more specific protecting ability (passive shielding) at the site, with less 
host intolerance than is produced by active coating. 

The FH-capturing synthetic peptide 5C6 is composed of a few amino acids 
targeting the middle region of FH, so the FH functional regions for cofactor 
activity and binding to C3b are not interfered with after capture by 5C6. 5C6-
immobilized surfaces have been shown to have a substantial complement-
inhibitory ability [197]. This approach is therefore very promising for the 
design of new therapeutic applications because of its high specificity and low 
cost.  

In order to improve the inhibition efficiency, a multicomponent surface has 
been developed by co-immobilizing the FH-binding peptide 5C6 and the 
ADP-degrading enzyme apyrase, together with a PEG-lipid linker, on the 
biomaterial or cell surface [198]. This PEG-lipid derivative itself can suppress 
coagulation and complement activation, and it can also be immobilized on the 
cell surface by hydrophobic interactions with the lipid bilayer without 
disrupting the cell membrane or causing release toxicity [199]. Polymer 
surface-immobilized apyrase has been successfully demonstrated to attenuate 
platelet and thrombotic activation [200]. This hybrid surface can dramatically 
attenuate both inflammatory and coagulation responses to protect both 
biomaterial surfaces and cells, offering great potential for future clinical 
applications not only for synthetic biomaterial devices but also for cell 
therapies.  

4.3.4 Nanostructure 

In addition to charge, topographical accessibility can also determine the extent 
of complement activation at a biomaterial surface [201]. It has been 
demonstrated that small pores (20 nm in diameter) can significantly reduce 
complement activation as compared to large pores (200 nm in diameter), 
despite their much greater surface area [202]. The inhibition is achieved by 
restricting complement complex formation. Complement convertases need to 
attach to a material or cell surface for further protein interactions. The AP C3 
convertase intermediator (C3bB*) has a large molecular size (34 nm) that 
does not allow it to sit in pores with smaller dimensions, and therefore further 
complement activation cannot proceed. So for material surfaces with small 
pores, the downstream activation can be attenuated, whereas for surfaces with 
larger pores, complement activation is abundantly induced because a larger 
surface is provided for complement protein attachment [166, 189].  
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Some nanostructure-based drug delivery systems and tissue engineering have 
been approved in clinical trials, and nanostructure is an emerging field with 
enormous potential [203].  

 

Figure 7. Different strategies for biomaterial design. A) Passive shielding: Polymers are 
densely conjugated on the material surface in a packed conformation, so that plasma 
proteins or microorganisms are in an unfavorable state for binding. B) Active coating: The 
material surface is coated with the complement regulator heparin (left) or purified FH 
(right) to regulate complement activation at the site. C) Auto-protecting the surface: The 
material surface is immobilized with FH capturing peptide 5C6 (left) or with a 
multicomponent construct involving 5C6, apyrase, and PEG linker (right). When the 
material comes into contact with blood, it can automatically attract FH in the host plasma 
to the material surface, so complement activation can be suppressed at the material site. In 
the multicomponent design, platelet activation can also be inhibited by presence of 
apyrase. D) Nanostructure: The biomaterial surface with small pores (left) provides less 
available surface for C3 adsorption or C3 convertase formation, resulting in lower 
complement activation. In constructs with big pores (right), C3 can either be adsorbed in 
the pore area or on the surface, providing a larger surface area for complement activation 
and amplification. 
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5. AIMS AND OBJECTIVES 

The overall aim of this thesis was to investigate biomaterial-induced immune 
complications, including activation mechanisms and crosstalk between 
cascades on the biomaterial surface.  

The specific objectives are: 

Paper I and II 

It is well known that when biomaterials make contact with blood, the first 
event to occur is a rapid protein adsorption, resulting in the formation of a 
protein film on which the cascade systems are activated, leading to 
inflammatory responses and thrombotic reactions. However, how the initial 
protein layer affects downstream activations is still largely unknown, and 
there is no consensus as yet regarding cascade-related biocompatibility test 
parameters. 

These two papers were designed to investigate correlations between adsorbed 
plasma proteins on biomaterial surfaces and the down-stream cytokine release, 
and to dissect the basic mechanisms for complement and coagulation 
activation and regulation on biomaterial surfaces. 

Paper III 

Acetate as an acidifier or main buffer in hemodialysis fluids induces negative 
effects, such as nausea and an increased inflammatory response in the patient. 
Hemodialysis fluids in which citrate have been substituted, in part or 
completely, for acetate has been developed recently and have thus far only 
been used to a limited extent in vivo.  

The purpose of this paper was to investigate how, and at what concentrations, 
citrate affects the complement cascade system, in order to determine whether 
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citrate-containing dialysis fluids might be a more biocompatible alternative to 
conventional acetate-containing fluids regarding complement activation. 

Paper IV 

Non-proteolytically activated C3 with a disrupted thiol ester [C3(H2O) or iC3] 
but still containing the C3a moiety is proposed to form the initial fluid phase 
convertase of the AP [C3(H2O)Bb], and its generation is thought to be 
accelerated by interactions with various surfaces and nucleophilic or 
chaotropic agents. Patients with liver or renal failure have elevated plasma 
levels of ammonia or urea, respectively, which may play a role in iC3 
generation and ultimately affect their complement activation.  

The aims of the paper were to design and validate an assay for generation of 
non-proteolytically activated C3 with a disrupted thiol ester, here designated 
iC3, to be used as a tool to investigate conditions for iC3 generation both in 
vitro and in vivo. 
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6. METHODOLOGICAL 
CONSIDERATIONS 

6.1 Synthesis and physicochemical 
characterization of polymers  

Polymers were synthesized by co-polymerization of different monomers and 
cross-linkers. The novel polymers were ground to particles (25-63 μm) and 
characterized together with control particles of polystyrene (PS), polyvinyl 
chloride (PVC), and glass, using an array of physico-chemical techniques. 

6.2 Blood preparation and incubation 

All work in this thesis was done using human whole blood or blood plasma. 
Blood was collected in VacutainerTM tubes by venous puncture of the forearm 
vein of blood donors. Blood donors were either healthy volunteers who had 
received no medication for last 10 days or, in one case, patients with hepatic 
encephalopathy. Depending on the purpose of each assay, different 
anticoagulants, including ethylenediaminetetraacetic acid (EDTA), lepirudin, 
or heparin, were present in the vacuum collecting tubes during blood sampling 
to avoid blood clotting. The divalent cation chelator EDTA is able to shut 
down all cascade systems, so it was used for complement- and coagulation-
independent studies. Lepirudin can inhibit thrombin exclusively without 
interfering with the complement system [204, 205]; therefore, it was used 
when complement activation or complement-dependent phenomena were 
monitored. Heparin is a clinically widely used anticoagulant that interacts 
with both the complement system and coagulation [206], so it was applied 
only in studies in which we wanted to mimic the clinical situation.  

Most of the studies in this thesis describe biomaterial-induced activation. In 
these studies, blood/plasma was treated under conditions mimicking a 
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biomaterial-induced physiological condition, with tested reagents or polymers 
incubated together with blood/plasma. Polystyrene or polypropylene tubes, 
providing surfaces for material-blood interactions, were used for blood/plasma 
incubations at 37°C in a water bath with vertical rotation, and reactions were 
stopped by adding EDTA. Alternatively, microtiter plates made of different 
types of material were chosen as model biomaterial test surfaces. Plasma was 
incubated in the microtiter plate wells and the plates were washed after 
incubation; thereafter, protein adsorption was tested in the wells and 
complement activation was monitored in the fluid phase.  

When surface contact was not desirable in a test, such as the iC3 generation 
analysis in Paper IV, strategies were applied to minimize air-blood surface 
interfaces during incubation. Sealed PVC tubing without an inner coating was 
chosen for an incubation system, and plasma was vacuum-degassed before 
incubation to minimize air bubbles.   

6.3 Enzyme immunoassays  

Enzyme immunoassays were used for monitoring protein adsorption on 
surfaces and analyzing complement activation in incubated plasma.  

Established enzyme-linked immunosorbent assays (ELISA) were used for 
quantification of fluid-phase complement markers, including C3a, C5a, and 
sC5b-9, in order to analyze complement activation levels in plasma after 
blood/plasma incubations. Zymosan-activated serum calibrated against 
purified C3a/sC5b-9 was used as a standard, and positive controls were 
included to validate the results.  

A “particle ELISA” was developed to quantify polymer particle-induced 
complement activation and protein adsorption. This assay was an ELISA-like 
method performed on polymer particles instead of a microtiter plate. Polymer 
particles were incubated in plasma in Eppendorf  tubes and washed to remove 
unbound proteins. Biotinylated antibodies, followed by streptavidin-HRP, 
were used to detect bound targets. 

Surface-bound proteins, including C3, C4, C4BP, FH, FXII, and C1-INH, 
were captured and detected by biotinylated antibodies, followed by 
streptavidin-HRP and color-staining. Functional activities such as co-factor 
activity were tested by incubating bound protein together with FI at 37°C and 
detecting cleavage products. 
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The contact system activation-generated complexes (FXIIa/C1-INH, 
FXIa/C1-INH, KK/C1-INH, FXIIa/AT, FXIa/AT, KK/AT) were measured by 
sandwich ELISAs. In brief, microtiter plates were coated with antibodies 
target at various proteases, and the bound complexes were detected with goat 
antibodies against one of two human serpins, C1-INH and AT. The secondary 
antibodies were biotinylated and detected using streptavidin-HRP. Standards 
for each assay were prepared and evaluated as described by Sanchez et al. 
[207].  

A multiplex assay by MAGPIX® was used for iC3 monitoring. MagPlex® 
Microspheres were coupled with monoclonal antibody 4SD17.3 (directed 
against a neo-epitope of C3a) and then incubated with plasma samples. 
Captured iC3 was detected by biotinylated anti-C3d or anti-C3c, followed by 
PE-conjugated streptavidin, according to the manufacturer’s instructions. 
Bound iC3 levels were examined by Luminex analyzer. 

6.4 Protein and cell immunostaining  

Flow cytometry was used to quantify granulocyte activation by CD11b/CD18 
expression on PMN cell surfaces. Activated blood was collected after 
incubation at the desired conditions and labeled with anti-CD11b-RPE. The 
cells were then lysed, and debris was removed by centrifugation. Five 
thousand cells were counted, and the mean fluorescence intensity (MFI) of 
CD11b was measured by flow cytometer. 

Western blotting was used for protein identification and semi-quantitative 
analysis. After incubation, the protein fragments were separated by reducing 
SDS-PAGE gels and then transferred to PVDF membranes. Biotinylated 
antibodies and streptavidin-HRP were applied to the membranes for detection. 
The results were visualized on western ECL blotting film in most studies. 
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7. RESULTS AND DISCUSSION 

7.1 Prediction of inflammatory responses induced 
by biomaterials in contact with human blood 
using protein fingerprint from plasma (Paper 
I) 

Protein adsorptions were quantified for six types of polymer particles with 
distinct physiochemical properties and three reference particles (PS, PVC, 
glass). The downstream complement and inflammatory activation were 
monitored as C3a, sC5b-9, and C5a generation and cytokine release, 
respectively. The results indicated that the zeta potentials of the polymers 
were strongly correlated with the adsorption of the complement components 
C3 and C5 and the regulatory proteins C4BP and FI, as well as the generation 
of complement activation parameters C3a, sC5b-9, and C5a, suggesting a 
direct correlation between surface charge and the complement activation. The 
total amount of protein, however, showed no correlation with polymer charge, 
indicating that the net charge of these proteins most likely has no influence on 
their adsorption process.  

Cytokine generation induced by polymer particles, including that of 
interleukins, chemokines, and growth factors, was examined after incubation 
with human lepirudin blood. The result showed that 17 soluble mediators were 
increased upon contact with the polymers, most of which were pro-
inflammatory. Correlations were calculated between the cytokine generation 
and surface-adsorbed proteins, as well as with the complement activation 
markers C3a, C5a, and sC5b-9. No correlation was detected between cytokine 
generation and the adsorption of any single protein except IgG, suggesting 
that complement activation on an artificial material surface is a multifactorial 
complex process. The traditional complement marker C3a was positively 
correlated with the generation of four cytokines, while C5a and sC5b-9 
showed no correlation at all. A possible explanation for these observations is 
that C5aR is expressed at a much higher level than C3aR on leukocyte 
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surfaces, so a larger amount of C3a was left in the fluid phase for detection of 
free anaphylatoxin [208]. The ratio of C4/C4BP, which indicates complement 
regulation via the CP/LP, showed surprisingly high positive correlation with 
the release of ten of the cytokines, full covered the four cytokines correlated 
with C3a generation, indicating that C4/C4BP can potentially serve as a 
biomarker to predict the inflammatory response, with a higher sensitivity than 
today’s gold standard.  

Intriguingly, the ratio between C3 and FH (C3/FH), which presented the AP 
regulation, was not correlated with cytokine release in the same manner as 
was C4/C4BP. In order to determine the mechanisms responsible for these 
distinct differences between complement proteins/regulators, we carried out 
co-factor activity analysis of surface-bound C4BP and FH. A pronounced 
degradation of C4b was seen when the surface-bound C4BP was incubated 
together with FI and, in contrast, only a negligible degradation of C3b was 
observed after incubation with surface-bound FH together with FI, suggesting 
that the surface-bound C4BP retains its cofactor activity, whereas FH largely 
loses its cofactor activity after binding to the surface. Quartz crystal 
microbalance with dissipation monitoring (QCM-D) was performed to 
visualize the amount and flexibility of the PS surface-bound C4BP and FH. A 
much larger D/ f was detected for C4BP, indicating that the thickness of the 
C4BP coating is greater than that of FH. This study demonstrated that FH, 
with its one-chain structure, largely lost its functional activity upon binding to 
the biomaterial surface; surface-bound C4BP, in the contrast, retained its 
active sites for interaction, so its co-factor activity was still retained after 
binding. 

There is an urgent need for a robust and convenient assay for practical use in 
evaluating the biocompatibility of biomaterials. In the testing of 
biocompatibility, however, there are as yet no standard parameters available 
for determining cascade activation. Several adsorbed proteins, including IgG, 
C1q, C4, and C3, have been identified as initiators of complement CP and AP 
activation on biomaterial surfaces [13, 209-211], while from our observation 
they are not correlated with downstream complement or inflammatory 
activation. In this paper, we have, for the first time ever, demonstrated a direct 
correlation between the composition of the proteins in the initial layer and the 
subsequent inflammatory responses. Among all the surface-bound 
complement proteins, we found that the C4/C4BP ratio is a novel predictor of 
biocompatibility, with superior specificity and sensitivity when compared to 
today’s gold standards.  
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7.2 Reciprocal relationship between contact and 
complement system activation on artificial 
polymers exposed to whole human blood 
(Paper II) 

This paper is an extension of Paper I to investigate contact system activation 
on material surfaces by using the same, well-characterized polymer particles. 
Contact system activation was monitored as the presence of generated 
complex products (FXIIa/C1-INH, FXIa/C1-INH, KK/C1-INH, FXIIa/AT, 
FXIa/AT, KK/AT) in the fluid phase after incubation with lepirudin plasma, 
in which thrombin activity was specifically blocked. Protein quantification 
was reported in Paper I. No individual protein adsorption was observed to 
correlate with contact complex generation except for IgG. Deposition of IgG 
was positively correlated with the complex formation of both FXIIa/C1-INH 
and KK/C1-INH, but not of FXIa/C1-INH, supporting the theory that IgG, 
probably exclusively, acts as a potential initiator of FXII auto-activation [174, 
175]. A nearly significant correlation was detected between IgG and the zeta-
potential of the polymers, which may, at least in part, explain the binding 
preference of FXII and surface charge. Generated FXIIa/C1-INH complex 
positively correlated with surface-bound ratio of FXII/C1-INH, suggesting 
that the assembly of FXII and C1-INH facilitates complex formation on the 
polymer surface. In addition, positive correlation was seen between generated 
FXIIa/AT complex and surface-adsorbed ratio of fibrinogen/AT, suggesting 
fibrinogen is involved in the formation process, which probably due to 
MASP-1 facilitate clot formation and promote FXIIa/AT generation. 

Strong negative correlations were detected between the contact-regulatory 
representatives: 1) adsorption ration between FXII/C1-INH, 2) generated 
complex FXIIa/C1-INH, FXIa/CI-INH, and KK/C1-INH and the release of 
ten cytokines, most of which were pro-inflammatory. These correlations 
suggested a link, direct or indirect, between contact system activation and 
cytokine release. Interesting differences between the contact- and 
complement-regulatory representatives were observed for the same cytokine 
generation. IP-10 and FGF, which were most strongly negatively correlated 
with FXIIa/C1-INH, were most strongly positively correlated with C3a 
generation and ratio C4/C4BP (represents complement activation potential, 
reported in Paper I), indicating that these two cytokines are released mainly as 
a result of complement activation. In contrast, IFN- , GM-CSF, and IL-9 were 
correlated most significantly with KK/C1-INH but showed no correlation with 
C3a generation or ratio C4/C4BP, implying that these cytokines are not 
induced by complement but instead probably by the contact system.  
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Strong negative correlations were observed between the deposition ratio of 
fibrinogen/AT (representing regulation of the coagulation system) and 
C1q/C1-INH (representing regulation of the complement system), and an even 
stronger correlation was found between ratio FXII/C1-INH (representing 
regulation of the contact system) and C4/C4BP. Moreover, negative 
correlations were found between all the contact system proteases/inhibitors 
and the generation of the complement products C3a, C5a, and sC5b-9. These 
observations together suggested that the artificial surfaces might be prone to 
activating either the contact or the complement system.  

On the basis of this experimental series, we put forward new predictors for 
cascade activation and attempted to validate our theory: We examined the 
adsorption levels of FXII, C1-INH, C4, and C4BP after incubation with 
EDTA plasma on different types of material surfaces. The ratios FXII/C1-INH 
and C4/C4BP were calculated, and they were in close agreement with those 
obtained in polymer particle analysis, suggesting that we have developed a 
simple and reliable approach to testing candidate biomaterials. 

This paper established a reciprocal correlation between the triggering of the 
contact/coagulation system and the complement system, i.e., artificial surfaces 
are probably more prone to activate only one of these two cascades. 
Incorporating the data from Paper I, we developed a direct prediction of the 
subsequent biological events based on the pattern of initially bound proteins, 
and we proposed a simple and robust protocol for biomaterial testing: After 
exposure to human EDTA plasma, four simultaneously adsorbed proteins, 
FXII, C1-INH, C4, and C4BP, can indicate the relative biocompatibility of the 
test material in terms of its ability to induce inflammatory responses. 

7.3 Low concentrations of citrate reduce 
complement and granulocyte activation in vitro 
in human blood (Paper III) 

A mathematical model was set up to simulate ion diffusion across a dialysis 
membrane and the local chemical equilibrium in both the dialysis fluid and the 
patient. Simulations of dialysis fluid containing different concentrations of 
citrate, acetate, and Ca2+, together with 1 IU heparin/mL, were performed to 
determine the optimum concentrations to be used in the dialysis fluids. Based 
on the model, citrate and acetate were added to heparinized whole blood to 
yield final concentrations of 0.35 and 1.35 mM, respectively. Thereafter, their 
effects on complement and leukocyte activation were investigated in vitro in 
human blood together with the control (PBS). In measures of the complement 
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activation, similar generation of C3a, C5a, and sC5b-9, as well as platelet loss, 
were detected in both acetate- and citrate-containing blood. However, citrate-
containing fluid induced significantly lower leukocyte activation in terms of 
CD11b expression than acetate-containing fluid, implying that citrate is more 
biocompatible in dialysis fluid than in the traditionally used acetate.  

For decades, citrate has been used as an anticoagulant during hemodialysis, 
with acetate as the base buffer. Hemodialysis fluid in which acetate is 
substituted partially or completely with citrate has been developed recently 
and has shown high efficiency of dialysis and less intolerance in the patient 
[212-216]. However, whether these positive effects are a result of the 
reduction in acetate or the use of citrate per se (or a combination of both), is 
not clear. The impact of citrate on complement and granulocyte activation in 
human lepirudin-anticoagulated whole blood was investigated for citrate 
concentrations up to 6 mM. The results showed that complement activation 
was significantly reduced by citrate in a dose-dependent manner. Low 
concentrations of citrate already provided a significant reduction in 
complement and granulocyte activation. For the complement activation 
markers C5a and sC5b-9, the reduction was significant at the lowest 
concentration applied (0.25 mM citrate). The apparently more pronounced 
reduction of C5a than C3a might be a result of their differential binding to 
receptors, which results in less free C5a being present in the fluid phase. 
Consistent with this hypothesis, granulocytes were fully activated at citrate 
concentrations up to 1.5 mM, at which point the level of C5a had declined by 
2/3. The decrease that occurred at higher citrate concentrations probably was 
the result of reduced generation of C5a or citrate-induced inhibition of 
granulocyte function, or a combination of both. 

Mathematical modeling showed that during a typical dialysis treatment with a 
fluid containing 1 mM citrate the extracorporeal blood plasma returning to the 
patient would contain 0.58 mM citrate. Normal human blood contains lower 
amount of citrate (0.1 mM), so when blood returns to the patient after dialysis 
treatment the citrate concentration will decrease. Taken together, the levels of 
citrate modeled and measured in human blood are within the range where 
positive effects of citrate could be seen as a reduction of the complement 
activation in vitro in human blood. 

In this study, we observed the positive effects of citrate in comparison to 
physiological buffer as a control, indicating that citrate may exclusively (or at 
least in part), account for the reported beneficial effects. This reduction could 
be further enhanced by higher citrate concentrations, suggesting that dialysis 
fluids containing citrate offer a promising alternative to acetate dialysis fluid, 
with more biocompatibility. 
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7.4 An assay to monitor generation of non-
proteolytically activated C3 in human plasma 
in vitro and in vivo (Paper IV) 

In this study, we constructed and validated a model to revisit complement AP 
initiation, i.e., the tick-over process. An ELISA for the detection of iC3 was 
constructed using mAb 4SD17.3 against a neo-epitope in C3a for capture, 
thereafter, the assay sample was transferred to MAGPIX®, and a good 
correlation was found between the results obtained with the two techniques. 
Different detection antibodies (anti-C3c and anti-C3d) were compared with 
the rationale being that bound C3b and iC3 are susceptible to cleavage by 
factor I in the plasma, ultimately cleaving off C3d, which could potentially 
give lower nominal values if anti-C3d were used for detection. Since it is 
known that the thiol ester of C3 can be disrupted by repeated freezing and 
thawing, we also performed a stability test for samples analyzed immediately 
and those analyzed after one freeze-thaw cycle. Based on these studies, an 
assay for clinical investigation was set up by using MAGPIX® with anti-C3d 
as the detection antibody, which was more relevant to elucidate biological 
functions. 

The C3 tick-over process is known to be accelerated by the presence of a 
foreign surface. In order to demonstrate this seeming highly surface-
dependent process in vitro, we developed an experimental model to compare 
C3 hydrolysis with and without the presence of a surface interface between 
gas and blood. Sealed PVC tubing was incubated with pre-degassed EDTA 
plasma to minimize possible gas-blood surface contacts, and the other group 
was incubated in a way that incorporated a certain quantity of air bubbles into 
plasma. Human EDTA-treated plasma incubated with air bubbles induced a 
distinctly higher iC3 generation already at 45 min, and a significantly 
difference was seen from 120 min on. This finding was in agreement with 
previous studies of iC3 generation induced by gas-blood interactions, which 
have investigated serum with or without continuous bubbled gas in 
polystyrene test tubes that mimic cardiopulmonary bypass operations [217, 
218]. Our study further establishes that this complement-independent iC3 
generation also takes place under more physiological relevant conditions, 
which are highly likely to occur in vivo and to lead to the formation of the 
initial alternative pathway convertase. The iC3 generation rate in our model 
was distinctly lower than that for Pangburn’s proposed tick-over process in 
vivo (0.2%-0.4%/h) [15], which may further strengthen our hypothesis that 
iC3 generation occurs in a surface-dependent manner rather than 
spontaneously. 
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An increase in circulating ammonia is an important clinical consequence for 
patients with acute or chronic liver disease, and for patients with renal failure, 
uremia is the terminal clinical manifestation. In both situations, patients 
commonly develop inflammatory disorders [219, 220]. Chaotropic and 
nucleophilic agents have been shown to accelerate C3 conversion to iC3 in 
buffers with purified components [15, 221, 222], which provide a simplified 
system when compared to human plasma. In this paper, we tested 
pathophysiologically relevant amounts of ammonia, methylamine, urea, and 
guanidine in our experimental model with human EDTA plasma. iC3 
generation was already dramatically induced by the presence of a low amount 
of methylamine, or ammonia, and to a less degree by guanidine, but no direct 
correlation could be found between iC3 generation and urea addition up to 
150 mM.  

We further investigated correlation between pathophysiological levels of 
ammonia or urea and iC3 generation and downstream complement activation 
that likely happen in vivo. In our studies, a significant increase in iC3 was 
already detected in the presence of 0.2 mM ammonia, which is a clinical 
relevant level that can be found in acute liver failure patients [223]. The 
complement activation marker C3a was significantly induced by the highest 
amount of ammonia added (3.2 mM), but no effect was detected for sC5b-9 
generation, suggesting that a low amount of ammonia is less likely to initiate 
complement activation, probably because of insufficient iC3 formation. For 
urea, no correlation was seen between urea addition and iC3 generation or 
complement activation, suggesting that urea does not play a prominent role in 
inducing the activation of complement in plasma.  

These in vitro findings were further confirmed by a clinical study of patients 
with hepatic encephalopathy, who had documented high plasma ammonia 
levels, indicated direct correlation between elevated plasma ammonia with 
iC3 formation and complement activation in vivo. 

Taken together, we have established an experimental system to revisit the 
initiation of AP, and our work provides a possible platform for understanding 
the relationship between liver diseases and their inflammatory complications, 
with potential for investigating and ameliorating these disease symptoms. 
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8. CONCLUSIONS 

Today there is an increasing clinical demand and expectation of patients for 
biomaterial implant-based replacement of dysfunctional tissues or organs. 
Although there are appealing prospects for the development of the current 
fourth-generation biomaterials (e.g. biodegradable materials), conventional 
materials such as metal, ceramics, and polymers are still the main players in 
the biomaterial market [160]. Testing of biomaterials with regard to 
complement and coagulation activation in plasma is of vital importance. 
However, there are still no standard test parameters available so far, and the 
field of biomaterial-induced immune response is still in its infancy, with many 
of its mechanisms remaining elusive.  

It is well known that when biomaterials are exposed to blood, they will 
immediately become covered with a plasma protein layer, on top of which 
cascade activations are initiated and a series of immune responses are induced. 
Several adsorbed proteins have been recognized as initiators of complement 
activation on the material surfaces. From our study, however, there was no 
correlation between the adsorption of any single plasma protein and the 
downstream inflammatory responses. The ratio of C4/C4BP, which indicates 
complement regulation via the CP/LP, showed surprisingly high positive 
correlations with cytokine release. In addition, a strong negative correlation 
was detected between the contact regulatory representatives FXII/C1-INH and 
the release of pro-inflammatory cytokines. Based on these findings, we have 
proposed a robust model with high sensitivity for predicting the 
biocompatibility of the material: Analysis of the adsorption ratios of C4/C4BP 
and FXII/C1-INH on the biomaterial surface after incubation with EDTA 
plasma.  

A reciprocal relationship was found between the activation of the contact and 
the complement systems when they were induced on artificial material 
surfaces, suggesting that artificial surfaces are generally more prone to 
activate only one of these two systems. This finding may contribute to the 
design of biomaterials with specific properties; for example, osteoinductive 
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biomaterials have recently been developed for bone implants, in which contact 
activation is desirable for stimulating regeneration at the implant site [224]. In 
contrast, for heart valve implants, biomaterials are restricted in terms of 
coagulation activation. Based on this reciprocal activation model, 
biocompatibility tests can be simplified.  

Our new models for biomaterial tests provide probabilities for a more 
compatible biomaterial design. For clinical applications such as extracorporeal 
devices, however, biomaterial-induced complement activation is still profound 
in the fluid phase. For patients with renal failure, hemodialysis is a life-
supporting treatment, and the continuous exposures of blood to dialyzers and 
bloodlines may lead to various side effects in the patients. Our study has 
demonstrated that a citrate-containing, acetate-free dialysis fluid is more 
biocompatible than the traditional acetate-containing dialysis fluids, since it 
induces less complement activation in the blood, which would be a great 
benefit for hemodialysis patients. To date, citrate-containing dialysis fluids 
that are available on the market contain citrate up to 1 mM, but in regional 
citrate anticoagulation (RCA) hemodialysis, a significantly higher amount of 
citrate has been used. Now the question of whether higher concentrations of 
citrate can be used has been addressed and resolved in our whole-blood study: 
We found that the higher the citrate concentration, the more pronounced the 
reduction that occurred. These findings suggest that dialysis fluids containing 
citrate are a promising alternative to acetate dialysis fluid and will offer better 
biocompatibility and presumably less intolerance in dialysis patients. 

A number of approaches have been proposed to increase biocompatibility, but 
even if a perfect biomaterial is developed, can it totally shut down the 
complement activation in patients? Unfortunately, the answer is no. The 
hypothesized spontaneous C3 hydrolysis (tick-over), well known to trigger the 
AP activation, always occurs at a low rate under physiological conditions, and 
this process can be accelerated by various surfaces, a frequent occurrence 
under pathophysiological conditions. We established an incubation model and 
a detection assay to revisit the initiation of AP, iC3 formation, both in vitro 
and in vivo. A direct correlation was observed between the occurrence of air 
bubbles or nucleophilic or chaotropic agents and iC3 formation in a 
complement-independent manner. Pathophysiological relevant amounts of 
ammonia and urea were investigated together with human lepirudin plasma, 
suggesting a positive effect of elevated plasma ammonia and iC3 formation 
that resulted in enhanced C3a generation. These in vitro findings were further 
proved by a clinical study of patients with hepatic encephalopathy. In contrast 
to ammonia, urea did not affect iC3 formation in vitro, suggesting that urea is 
not predominant in inducing complement activation in patients with kidney 
failure and high plasma urea.  
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Taken together, this work, presented in four papers, has provided a model for 
a robust biomaterial test and investigated biomaterial-induced complications 
in the fluid phase in clinically related conditions; furthermore, we have 
dissected the basic mechanisms of complement activation in relation to 
disease symptoms.  
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