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Abstract: Chitosan is a polycationic and biocompatible
polysaccharide composed of glucosamine and N-acetyl
glucosamine that is chemotactic for neutrophils and stimu-
lates wound repair through mechanisms that remain
unclear. It was previously shown that chitosan depletes
complement proteins from plasma, suggesting that chito-
san activates complement. Complement activation leads to
cleavage of C5 to produce C5a, a neutrophil chemotactic
factor. Here, we tested the hypothesis that chitosan gener-
ates C5a in human whole blood, citrated plasma, and
serum. C5a fragment appeared in coagulating whole
blood, and mixtures of chitosan-glycerol phosphate/whole
blood, in parallel with platelet and thrombin activation.
However, in plasma and serum, thrombin and chitosan-GP
failed to generate C5a, although native C3, C5, and factor
B adsorbed noncovalently to insoluble chitosan particles
incubated in citrated plasma, serum, EDTA-serum and
methylamine-treated plasma. By surface plasmon reso-

nance, pure C3 adsorbed to chitosan. The profile of serum
factors associating with chitosan was consistent with a
model in which anionic blood proteins with a pI lower
than the pK0 6.78 of chitosan (the upper limit of chitosan
pKa) associate electrostatically with cationic chitosan par-
ticles. Zymosan, a yeast ghost particle, activated comple-
ment in serum and citrated plasma, but not in EDTA-se-
rum or methylamine plasma, to generate fluid-phase C5a,
while C3b formed covalent cross-links with zymosan-asso-
ciated proteins and became rapidly cleaved to iC3b, with
factor Bb stably associated. These data demonstrate that chi-
tosan is a nonreactive biomaterial that does not directly acti-
vate complement, and provide a novel basis for predicting
anionic serum protein–chitosan interactions. � 2009 Wiley
Periodicals, Inc. J Biomed Mater Res 93A: 1429–1441, 2010
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INTRODUCTION

Chitosan is a positively charged polysaccharide
biomaterial that is thrombogenic, chemotactic for
neutrophils, and stimulates angiogenesis and wound
repair.1-4 Chitosan is produced by chemical deacety-
lation of chitin, resulting in a polymer composed
of b(1–4) O-linked D-glucosamine (Glc) and N-acetyl-
b-D-glucosamine (GlcNA) with variable degree
of deacetylation (DDA), for example, 90% DDA

chitosan has 90% Glc and 10% GlcNA monomer.
Chitin and chitosan were previously shown to
deplete or adsorb complement C3 and C5 proteins
from serum and plasma, suggesting that chitosan
may activate complement.5–9

There are three known complement activation
pathways: classical, lectin, and the alternative path-
way which is triggered by pathogens and activating
biomaterial surfaces. Complement activation is
marked by the formation of a C3 convertase complex
on the surface of target cells or activating surfaces.
C3 convertase generates a local amplification of the
complement cascade and C5 cleavage, culminating
in the release a 70 amino acid cationic C5a anaphyla-
toxin peptide fragment. The release of C5a provides
a potent stimulus for neutrophil chemotaxis,10 while
C3b fragments adsorbed onto biomaterial surfaces
serve as opsonins or coatings that mediate recogni-
tion and clearance by phagocytes (reviewed in
Refs. 11 and 12). Activation of complement could
potentially explain how neutrophils become attracted
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to chitosan particles,3,13,14 yet evidence of C5a gener-
ation by chitosan is lacking. Moreover, although
partly acetylated chitosans may still bear resem-
blance to chitin, a yeast cell wall molecular pattern,
highly deacetylated chitosans, (i.e., 90% Glc or
higher) have little chemical similarity with chitin,
and would not necessarily be predicted to interact
with the complement system in the same manner.

Complement activation is propagated through a
cascade of plasma serine proteases, and represents
the liquid phase innate immune reaction to trauma
and foreign molecular patterns.11 Human comple-
ment C3 and C5 are �190 kDa proteins that circulate
as heterodimers of 115 kDa alpha and 75 kDa beta
chains linked by a disulfide bond. Cleavage of the
small peptide C3a from C3 generates a metastable
C3b fragment with a reactive internal thioester bond
that is able to form covalent linkages with activating
surfaces.12 Solid-phase C3b associates with the pro-
enzyme factor B to form a C3bB complex that is
cleaved once in the factor B subunit by factor D; the
Ba cleavage product dissociates leaving an active
C3bBb solid-phase convertase for C3 and C5 that
locally amplifies the complement cascade.12,15–17 C3b
is rapidly cleaved in the alpha chain to form iC3b,
by plasma protease I and its cofactor H,12,17–19 and
cell-derived serine proteases can further degrade the
iC3b alpha chain to produce C3c and C3dg.20,21 As
C3b and C3b break-down products remain associ-
ated with the activating surface as opsonins, comple-
ment activation can therefore be assayed by the
appearance of fluid-phase C5a, and solid-phase asso-
ciated C3b and break-down products.

We previously showed that homogenous mixtures
of liquid chitosan-glycerol phosphate (GP) and
whole blood gel and clot to form an in situ-solidify-
ing implant with an interpenetrating polysaccha-
ride-fibrin scaffold network.22,23 Hybrid chitosan
clot implants attract neutrophils and stimulate

angiogenesis during wound repair,3,4,24 through
mechanisms that remain unclear. Towards elucidat-
ing the mechanisms of chitosan-induced wound
repair, the purpose of this study was to determine
whether chitosan induces complement activation in
chitosan-GP/whole blood clots. Since platelets and
thrombin have been shown to activate complement
in whole blood,25,26 we examined the timing of C5a
generation, platelet degranulation, and thrombin
generation in coagulating mixtures of chitosan-
GP/blood. Using western blot analysis of comple-
ment proteins in nonreducing and reducing gels,
we further evaluated the binding of complement
proteins to chitosan to test the hypothesis that iso-
tonic solutions of chitosan activate complement in
human plasma and serum resulting in the release
of C5a chemotactic peptide.

METHODS

Materials

Chitosans were provided by BioSyntech Canada (Ultra-
sanTM, Laval, QC, Canada, <500 EU/g, <0.2% protein/g,
<5 ppm heavy metals): 80.2% DDA, Mn 5 142 kDa, 80.6%
DDA, Mn 5 179 kDa, 94.6% DDA, Mn 5 168 kDa. 98.5%
DDA chitosan was used for the Surface Plasmon Reso-
nance assay. Disodium b-glycerol phosphate (GP) (cell
culture grade), zymosan A from Saccharomyces cerevisiae,
lipopolysaccharide (LPS) from Salmonella, tissue culture-
grade purified human thrombin (IIa), phenylmethylsulfo-
nyl fluoride (PMSF) and benzamidine were from Sigma
(Oakville, ON, Canada). Purified or recombinant protein
standards are listed in Table I. ELISA kits for thrombin-
antithrombin (TAT) were purchased from Dade Behring
(Mississauga, ON, Canada), and pooled normal plasma for
TAT ELISA sample dilution and complement activation
assays was purchased from Precision Biologic (Darmouth,
Nova Scotia, Canada, Product CCN-15, N 5 20 or more

TABLE I
Proteins and Standards Analyzed in this Study

FACTOR Mw (g/mol) [Plasma] (lg/mL) [Serum] (lg/mL) Standard

C3 190,000 800–140027 1000–120015,28 Sigma, C2910a

C5 190,000 802 75–8015,29 Sigma, C3160a

B 105,00030 30530 21031 CompTech A135a

Ba 30,00030 <3 ug/mL30 –
C3a 9000 0.49027 4.832 CompTech A118a

C5a 11,000–14,50033,29 0.00134 <0.0332 –
rC5a 700033 – – R&D, 2037-C5b

PF4 830035 0.00536 1.336 Haemtech HPF4-018a

Antithrombin (AT) 58,00037 14537 N/A Haemtech HCATIII0120a

Prothrombin 72,000 10037 – –
Thrombin 37,00037 – – Sigma, T4393a

Thrombin-AT (TAT) 95,000 – 6022,38,37 Dade-Behring ELISA standard

–, Negligible levels, not relevant; N/A, not available.
aPurified human.
bRecombinant peptide.
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donors, generated by plasmapheresis, estimated 3.2% w/v
trisodium citrate). Phenylalanine-proline-arginine-cmk
(FPR-ck) protease inhibitor was from Haematologic Tech-
nologies (Essex Junction, VT). Urea was from VWR (Mon-
treal, QC, Canada). Borosilicate glass beads (100 lm diam-
eter) were from Zymotech (Montreal, QC , Canada). Anti-
bodies used include the following: mouse monoclonal
anti-human C5a (Product No. MAB2037, R&D Systems,
Cedarlane, Hornby, ON), goat anti-human C5a antibody
(affinity-purified IgG, R&D Systems, Product No. AF2037,
Cedarlane), goat anti-human PF4 (Product No. AF796,
R&D Systems. Cedarlane), mouse monoclonal anti-human
C3b (recognizes alpha chain C3c and not C3dg, Product
No. C7850-14B, US Biological, Swampscott, MA), mouse
anti-human Antithrombin (Product No. A2298-20F, US Bio-
logical), peroxidase-conjugated donkey anti-goat IgG
(Jackson Immuno Labs, Montreal, QC) and horse anti-
mouse IgG (Vector, Burlingame, CA). Purified human fac-
tor B, goat anti-factor B, and goat anti-Factor C3a were
purchased from CompTech (Tyler, Texas).

Chitosan solution preparation

Chitosan was dissolved at 2.05% w/w, pH 5.6 in dilute
HCl, and autoclave-sterilized to produce liquid solutions
with dynamic viscosities of 1422 mPa s (80.2% DDA), 1849
mPa s (80.6% DDA), 2964 mPa s (94.6% DDA) at 258C as
previously described,39 and stored as sterile aliquots at
room temperature for up to 6 months or frozen at 2808C.
Before vortex mixing with plasma or blood, liquid chito-
san-HCl was combined at a 4:1 v/v ratio with sterile
ddH20, filter-sterile 500 mM disodium b-glycerol phos-
phate/50 mM HCl pH 7.2 (GP) or autoclave-sterile
750 mM NaCl to generate solutions with 1.6% w/v chito-
san at pH 5.6 (chitosan-HCl, hypotonic), pH 6.6 (chitosan-
GP, isotonic) or pH 6.1 (chitosan-NaCl, isotonic).

Coagulation assays

Clot tensile strength was evaluated with 4 Thromboelas-
tograph1 (TEG) instruments (5000 series TEG analyzer
Software Version 3, Haemoscope, Niles, IL) which permits
the simultaneous analysis of 8 samples.38 Fresh peripheral
venous blood was obtained from N 5 4 healthy consented
nonfasting male/female volunteers (use of drugs that
interfere with clotting and pregnancy excluded) under
institutional-approved ethics protocols. All subjects
enrolled in this research responded to an Informed Con-
sent which has been approved by the Institutional Com-
mittee on Human Research and this protocol was accepted
by them. Unmodified whole blood was homogenously
mixed with chitosan-GP at a 3:1 ratio blood:chitosan-GP,
deposited in plastic sample TEG cups, and allowed to
coagulate for up to 75 min at 378C. Samples were removed
at specific intervals, the blood volume equivalent diluted
10-fold in ice-cold quench buffer (20 mM HEPES, 50 mM
EDTA, 10 mM benzamidine, 150 mM NaCl, pH 7.4 with
100 lM PMSF and 33 lM FPR-ck), vortexed, and the
serum cleared by centrifugation and stored at 2808C, as
previously described.22,38 Whole unmodified blood was

analyzed in parallel as a control. In other experiments,
whole blood was allowed to clot for 30 min in sterile glass
borosilicate vials, plastic vials, or serum-separating vacu-
tainer tubes at room temperature or 378C, then clotted at
room temperature or 48C for 4 h (N 5 4 donors) before
centrifuging at 2000g for 5 min at room temperature to
obtain serum which was stored at 2808C.

Complement activation assays

Assays employed commercial citrated human plasma,
pooled human serum (N 5 3 donors), pooled serum con-
taining 10 mM ethylenediamine tetraacetic acid (EDTA), or
citrated plasma pretreated for 30 min at 378C with
100 mM methylamine to inactivate internal thioester bonds
(methylamine concentration based on Pangburn et al.17).
Plasma or serum was homogenously mixed at a 3:1 v/v
ratio with chitosan-GP, chitosan-NaCl, chitosan-HCl, chito-
san-GP containing 1 lg/mL LPS, or 80% DDA chitosan
powder dispersed in 150 mM NaCl at 16 mg/mL. Zymo-
san particles were dispersed in 150 mM NaCl or isotonic
100 mM GP pH 7.2 and combined with citrated plasma or
serum to obtain the same 4 mg/mL concentration as chito-
san in chitosan-GP/blood mixtures. Other samples con-
sisted in plasma or serum incubated at 378C for 1 h, and
plasma or serum incubated at a 3:1 ratio with one of the
following: 150 mM NaCl, 100 mM GP buffer (negative con-
trol), human thrombin at 10 U/mL, glass beads dispersed
in 150 mM NaCl (0.1 mm diameter, 4 mg/mL final con-
centration). In some samples citrated plasma was recalci-
fied by adjusting to 18 mM CaCl2 final concentration. All
samples were incubated for 1 h at 378C, and then diluted
to achieve a 5-fold dilution of plasma or serum in ice cold
quench buffer. Samples were centrifuged at 15,000g to pel-
let insoluble particles, and the supernatant frozen at
2808C, while the pellets were washed 2–3 times in
100 volumes of 48C quench buffer, vortex mixed with 8M
urea at room temperature to elute bound proteins, cleared
of insolubles, and urea pellet extracts stored at 2808C. All
results were confirmed in at least 3 distinct experiments.

Western blot analyses

Nonreducing SDS-PAGE running gels were made with
5% (C5, C3), 10% (Antithrombin, factor B), 15% (C5a, C3a)
or 17.5% (Platelet Factor 4, PF4) w/v acrylamide (19:1 ratio
acrylamide:bisacrylamide) and reducing gels with 7.5% or
10% (C3) w/v acrylamide, with a 4% w/v acrylamide
stacking gel. Kaleidoscope molecular weight markers were
from BioRad (Mississauga, ON, Canada). All samples were
combined with loading buffer with or without reducing
agent and boiled for 5 min prior to loading on the gels,
with exception of some controls that were not boiled. Puri-
fied or recombinant protein standards were loaded at con-
centrations approximating those in the samples according
to published concentrations in normal plasma or serum
(Table I). Proteins were transferred to PVDF membranes
by semidry transfer and immunoblotting was performed
using chemiluminescent detection with Lumilight (Roche,
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Montreal, QC) or ECLþ (BioRad, Mississauga, ON,
Canada) and Kodak X-ray film.

Surface plasmon resonance-based assay

Interactions between purified human C3 and chitosan
were monitored using an surface plasmon resonance
(SPR)-based optical biosensor (Biacore 3000, GE Health-
care, Piscataway, NJ), and a streptavidin-coated (SA)
sensorchip flowcell coupled with biotinylated chitosan
at 258C. Chitosan (98.4% DDA) was biotinylated to
1% mol/mol with succinimidyl ester (SE)-biotin (Invi-
trogen, Missisauga, ON) using methods previously
described for chitosan-fluorophore coupling,39 to produce
B-chitosan. B-chitosan was dissolved in acetic acid pH 6.1,
0,2 lm filtered, and further diluted to 50 lg/mL in
Coupling Buffer (50 mM HEPES, 150 mM NaCl pH 6.1).
Running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl,
3.0 mM EDTA, 0.005% Tween 20) was used to equilibrate
the chip and to dilute C3 and anti-C3 antibodies before
injection. After buffer injection and baseline stabilization,
three 180s pulse injections of 50 lg/mL B-chitosan (in
HEPES buffer, pH 6.1, flow rate of 20 lL/min) resulted in
a mass accumulation of �1300 Resonance Units (corre-
sponding to 1.3 ng/mm2 of material bound to the surface).
C3 protein was serially injected (180 s, flow rate 5 lL/min)
of buffer (4 times), at 1, 10, 20, and 100 lg/mL concentra-
tion followed by anti-C3a antibody (1/200 dilutions of a
60 lg/mL stock) and injections of anti-C3b antibody
(1/500 and 1/200 dilution of a 25 lg/mL stock with 50%
v/v glycerol). Control surface corresponded to bare strep-
tavidin-coated sensorchip flowcell for parallel monitoring
of nonspecific protein adsorption.

RESULTS

Complement is activated during coagulation of
whole blood and chitosan-GP/blood mixtures

In our first experiment, we tested the hypothesis
that complement is activated in chitosan-GP/blood
mixtures in a time-dependent manner, using 80%
DDA (i.e., 80% Glc and 20% GlcNA) chitosan. The
disodium glycerol phosphate (GP) levels were
adjusted to be isotonic and cytocompatible.40 Throm-
boelastography was used to monitor coagulation and
the development of clot tensile strength and throm-
bin generation was monitored in serum by throm-
bin-antithrombin (TAT) levels as previously
described.22,38 In both whole blood and chitosan-
GP/blood mixtures, abundant levels of C5a fragment
appeared in serum at 30 min, around the onset of
thrombin generation and coagulation [Fig. 1(A–D)],
and in parallel with platelet factor 4 (PF4), a marker
of platelet degranulation [Fig. 1(E,F)]. C5a, TAT, and
PF4 levels began to decay in whole blood serum but
not in chitosan-GP/blood clot serum after 75 min of

coagulation (Fig. 1). In chitosan-GP/blood mixtures,
minor complement and platelet activation was seen
before the onset of thrombin generation in experi-
ments using four different blood donors. These data
showed that complement was activated both in
whole blood, and chitosan-GP/blood mixtures, in
parallel with platelet activation.

C5a generation in human serum and plasma

We next tested the hypothesis that 80% DDA chi-
tosan generates C5a fragment in human serum. As a
positive control, we used zymosan, a well-known ac-
tivator of the alternative pathway. Zymosan is a
yeast ghost structure that is composed of chitin, the
GlcNA parent molecule of chitosan, along with man-
nan polysaccharide, and residual yeast proteins and
lipids. After 1 h incubation at 378C, zymosan-acti-
vated serum (ZAS) contained abundant C5a frag-
ments that migrated around 13 kDa, slightly faster
than the 16.1 kDa marker [Fig. 2(A)]. Upon
mixing chitosan-GP with serum, 80% DDA chitosan
(pK0 � 6.78)41 precipitated into insoluble particles
that were cleared from the liquid phase by centrifu-
gation. No C5a fragments were detected in serum
exposed to GP buffer alone, or to 80% DDA chito-
san-GP [Fig. 2(A), lanes Serum-GP & Chi80-GP,
respectively]. These data showed that incubation of
chitosan-GP with serum did not lead to generation
of liquid phase C5a.

Complement activation is frequently tested using
fresh serum,42 however, our results in Figure 1 sug-
gested that residual levels of C5a could be present in
the serum before adding zymosan. Indeed, high-
sensitivity chemiluminesence reagent (ECLþ)
revealed that serum generated in glass vials at vari-
ous temperatures contained trace levels of two prin-
ciple C5a fragments. One fragment migrated with
the 16.1 kDa molecular weight marker, and a
�13 kDa fragment comigrated with C5a produced
by zymosan [Fig. 2(A), middle panel]. These 16 and
13 kDa C5a proteins were both detected by goat poly-
clonal anti-C5a (Fig. 2) and by mouse monoclonal
anti-C5a (unpublished data). The nonglycosylated
recombinant C5a (rC5a) peptide standard migrated
faster in the gel than the glycosylated 13 kDa zymo-
san-activated C5a, as previously observed33 (see
Table I). By contrast, citrated plasma in high-
sensitivity Western blots only contained the 16 kDa
fragment [Fig. 2(A), ECLþ]. At high-sensitivity,
serum exposed to GP or chitosan-GP contained the
16 kDa and not the 13 kDa C5a fragments [Fig. 2(A),
ECLþ]. These data further supported the conclusion
that chitosan did not generate activated C5a frag-
ment in serum.
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Given that serum already contained variable lev-
els of a 13 kDa activated C5a fragment, and citrated
plasma did not, we next used citrated human
plasma, which can still undergo complement activa-
tion by zymosan,26 to analyze the effect of chitosan
on C5a generation. Zymosan particles dispersed in
NaCl or in isotonic GP buffer were combined for 1
h with plasma at 4 mg/mL. The cleared superna-
tant contained an abundant 13 kDa C5a fragment
[Fig. 2(B,C), ZAP]. These data confirmed that alter-
native complement activation could proceed in
citrated plasma, and in the presence of GP buffer.
However, at 4 mg/mL, chitosan-GP (80% or 95%
DDA), chitosan-NaCl, chitosan with LPS, and solid
chitosan particles all failed to generate detectable
levels of the 13 kDa C5a fragment in plasma [Fig.
2(B,C), Chi80, Chi95]. Purified thrombin also failed
to generate C5a fragments in citrated human
plasma [Fig. 2(C), IIa], even though a fibrin clot
was produced. These data showed that chitosan
did not generate C5a either as solid particles, or as
liquid chitosan solutions mixed into plasma that
subsequently precipitated.

C3 binds to chitosan noncovalently while C3b
and iC3b become cross-linked to
zymosan-associated proteins

Given that chitosan can deplete C3 from serum,5,7

we hypothesized that C3 binds noncovalently to chi-
tosan without being activated. Zymosan and chito-
san particles were incubated in citrated plasma, pel-
leted, rinsed in EDTA buffer and extracted with 8M
urea, a chaotropic agent that denatures C3 without
hydrolyzing thioester bonds.17 Western blot analysis
of pellet extracts using an anti-C3b alpha chain anti-
body demonstrated that C3 proteins could be eluted
from zymosan by urea [Fig. 3(A,B)]. Since chitin is
insoluble in urea,43 these data also indicated that the
C3 proteins eluted from zymosan were not cova-
lently bound to chitin. In nonreducing conditions,
zymosan-associated C3 proteins migrated at 190 kDa
and as cross-linked higher molecular products [Fig.
3(A), ZAP], and in reducing conditions C3 migrated
as a strong �42 kDa fragment along with a faint C3b
band [Fig. 3(B), ZAP]. The 42 kDa band could arise
from iC3b or C3c, although the absence of a faster-

Figure 1. C5a generation during coagulation of whole blood and chitosan-GP/blood mixtures as a function of time. C5a
appeared in parallel with platelet degranulation and thrombin activation in coagulating chitosan-GP/blood (A, C, E) and
whole blood (B, D, F). Panels A and B show the time-dependent increase in clot tensile strength [Amplitude (A), mm,
black trace] and thrombin generation [Thrombin/Anti-Thrombin (TAT) levels, dashed bars] for a representative donor
(out of 4 donors). Panels C and D show time-dependent increase of serum C5a fragment detected by goat anti-C5a
polyclonal antiserum, and a positive control zymosan-activated serum (ZAS) incubated 60 min. Panels E and F show
time-dependent increase of serum platelet factor 4 (PF4) as a marker of platelet activation, and a positive control
chitosan-GP/blood incubated 75 min with thrombin (10 U/mL) (IIa).
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migrating 135 kDa C3c product in the nonreducing
gel [due to cleavage of the 40 kDa C3dg frag-
ment,12,20 Fig. 3(C)] indicated that the 42 kDa frag-
ment was a subfragment of iC3b. Altogether, these
data were consistent with C3b becoming covalently
cross-linked to zymosan-associated proteins, and
then being rapidly cleaved to iC3b.

C3 proteins were also eluted from the chitosan
pellet. In nonreducing conditions, C3 proteins
migrated as intact C3 and discrete high molecular
weight products [Chi80-GP, Fig. 3(A)]. Under reduc-
ing conditions, C3 protein migrated as an intact C3
alpha chain (�115 kDa), and discrete high molecular
weight products above 190 kDa, that comigrated
with cross-linked C3 proteins present in plasma
[C3-X, Fig. 3(B)]. These data showed that chitosan
particles adsorbed abundant levels of intact C3 pro-
tein from citrated plasma.

C3 and C5 bind to chitosans with 80% DDA and
95% DDA as intact proteins

Using citrated plasma, we next evaluated the
effect of chitosan deacetylation level on complement
protein binding, using 95% DDA chitosan (95% Glc
and 5% GlcNA) and 80% DDA chitosan (80% Glc
and 20% GlcNA). Fluid phase samples were
analyzed for C5a and C3a, the urea pellet extracts
were analyzed for bound C5 and C3, and zymosan
served as a control. Zymosan is a strong comple-
ment activator and our data are consistent with this,
because C5a was present in the supernatant, and no
native C5 was associated with the zymosan pellet
[Fig. 4(A,B), ZAP]. Plasma C3a was much more
abundant than C5a, consistent with previous assays
of C5a and C3a in human plasma and serum [Table
I, Fig. 4(C), Plasma]. Zymosan generated slightly
more C3a in the fluid phase [Fig. 4(C), ZAP]. In
zymosan pellet extracts, iC3b was the main product
eluted, which was detected by anti-C3b antisera and
not anti-C3a antisera [Fig. 4(D) vs. (E), respectively,
ZAP].

When the chitosans were incubated with plasma,
no C5a was produced in the fluid phase, and no
increase in C3a was observed [Fig. 4(A,C)]. The fail-
ure to detect C5a in chitosan supernatant was not an
artifact of C5a associating with the chitosan
pellet since 8M urea failed to elute C5a from the pel-
let (data not shown). By contrast, chitosan pellet
extracts contained intact C5, which was detected by
anti-C5a and comigrated with pure C5 standard
[Fig. 4(B)]. Moreover, intact C3 alpha chain, detected
by both anti-C3b and anti-C3a antisera, was eluted
from chitosan pellets [Fig. 4(D,E), respectively].
Chitosan also captured 2 higher molecular weight
C3 proteins from plasma that migrated above the
intact 115 kDa C3 alpha chain. These proteins were
not activation-fragments of C3, because they were
recognized by both anti-C3b and anti-C3a antisera
(4D, E). These species comigrated with or close to
2 cross-linked proteins in the purified C3 standard
[C3-X, Fig. 4(D,E)]. Although the nature of these
2 proteins is not completely clear, the apparent
molecular mass and retention of C3a and C3b epi-
topes suggested that one of the species represented
an intact 230 kDa alpha chain dimer [C3-X,
Figs. 3(B) and 4(D,E)]. More C5 and C3 were associ-
ated with 95% DDA chitosan than 80% DDA chito-
san [Fig. 4(B,D,E), Chi95 vs. Chi80]. Low levels of
iC3b, proportional to the iC3b levels detected in
plasma, were detected in C3 proteins eluted from
chitosan [Fig. 4(D)]. Note that the level of iC3b in
plasma was diminished by protecting the sample
from heat [Fig. 4(D), P-not boil vs Plasma]. To sum-
marize, these data demonstrated that nonactivated
C5 and C3 proteins adsorbed to insoluble chitosan

Figure 2. Assay for C5a generation in serum and citrated
plasma. Activated 13 kDa C5a fragments appeared after
exposure to zymosan but not chitosan. Pooled human se-
rum (Panel A) or citrated plasma (Panels B and C) were
incubated for 60 min at 378C at a 3:1 v/v ratio with each
test article, cleared of insolubles, and the supernatants sub-
mitted to Western blot analysis with goat polyclonal anti-
C5a antisera. Panel A shows serum exposed to either 4
mg/mL zymosan particles dispersed in NaCl (ZAS-NaCl),
isotonic glycerol phosphate buffer (GP), or 4 mg/mL 80%
DDA chitosan in isotonic GP buffer (Chi80-GP). Other
lanes in Panel A shows serum samples collected from
whole blood clotted in glass tubes at room temperature
(RT) or 378C, then allowed to retract at RT or 48C for 4 h
(pooled from N 5 3 donors), as well as citrated plasma
incubated for 60 min at 378C (Plasma), citrated plasma
never heated or boiled (Plasma – not boil), purified human
C5 (C5) and recombinant C5a (rC5a). Blots in Panel A
were analyzed at normal intensity (lanes 1–6), or high-in-
tensity chemiluminescence (lanes 7–16, ECLþ). Panels B
and C: C5a fragments in citrated plasma exposed to vari-
ous test activators as indicated (see Methods section). Sym-
bols: the black circle indicates 16 kDa C5a constitutively
present in plasma and serum. The arrow indicates C5a
produced by complement activation. The bar indicates
rC5a.
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particles. More C5 and C3 adsorbed to chitosan with
higher glucosamine content.

Complement C3 and C5 still bind to chitosan in
EDTA and methylamine inhibiting conditions

We then performed the same binding assays using
conditions that completely inactivate complement, to
demonstrate unequivocally that C5 and C3 bind to
chitosan in the absence of complement activation.
We tested complement protein–chitosan binding
with human serum containing 10 mM EDTA which
chelates divalent metal ions essential for complement
activation,44 and human plasma previously treated
with 100 mM methylamine which reacts with and
inactivates the C3 thioester internal bond.17 Zymosan
incubated in serum, but neither serum-EDTA nor
plasma-methylamine, generated fluid-phase C5a
[Zymosan, Fig. 5(A)]. Solid-phase iC3b was associ-
ated with zymosan particles in serum, in EDTA-se-
rum at trace levels, but not in methylamine-plasma
[Zymosan, Fig. 5(C,D)]. Interestingly, a novel and
faster migrating ‘‘short’’ form of the C5 protein, sC5,
was present in serum, eluted from zymosan par-
ticles, and detected by anti-C5a antisera [Fig. 5(B)].

When 95% DDA chitosan was incubated with the
same three conditions, no fluid-phase C5a was gen-
erated [Chi95, Fig. 5(A)]. Intact C5 and C3 proteins
were eluted by urea from chitosan particles under
all three conditions [Fig. 5(B,C,D)]. Chitosan also
captured high molecular weight alpha chain prod-
ucts from serum and EDTA-serum, but not from
methylamine plasma [Fig. 5(C,D)]. These data sup-
ported the notion that the high molecular weight C3
products captured from plasma and serum by chito-
san were thioester-dependent, covalently linked
alpha chain multimers. A pull-down assay was per-
formed by incubating chitosan with low levels (10
lg/mL) of purified C3/C5 protein in isotonic saline.
Urea extracts of these chitosan pellets showed no C5
[Fig. 5(A,B)], and only trace levels of C3 protein
eluted from chitosan particles [Fig. 5(C), lane
Chi95þC3/C5, higher exposure not shown].

Specific binding of C3 protein to chitosan detected
by SPR

To further investigate pure C3-chitosan interac-
tions, we conducted an SPR biosensor assay using
biotinylated chitosan immobilized at the surface of a

Figure 3. Assay using citrated plasma for C3 binding to insoluble zymosan or chitosan particles. Zymosan-NaCl (ZAP)
and 80% DDA chitosan-GP (Chi80-GP) were exposed to citrated plasma for 60 min at 378C, then the insoluble pellets were
rinsed in EDTA buffer, extracted with 8 M urea, and urea extracts loaded on a nonreducing gel (Panel A), or a reducing
gel (Panel B). Migration is shown relative to 0.2–5 lL human plasma (P) that was incubated for 1 h at 378C. iC3b was
eluted from zymosan while native C3 and discrete cross-linked C3 alpha chain species were eluted from chitosan particles.
Arrows indicate C3 and C3b, open arrowheads indicate iC3b, and brackets indicate C3 cross-linked products. Panel C
illustrates the nonreduced molecular masses of C3 and various degradation products12 (in gray) as well as the 42 kDa
reduced molecular mass of the iC3b subfragment recognized by the anti-C3b antibody used in this study. The boxes indi-
cate the protein detected, and antisera used for immunodetection.
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strepatavidin-coated biosensor surface compared to
a streptavidin-only surface. Injections of buffer or
low concentrations of C3 (�50 lg/mL), did not
result in significant accumulation of C3 at the sur-
face of the chitosan-coated biosensor (Fig. 6, compare
injections 1–7 on chitosan surface, top line, and con-
trol surface, bottom line). In contrast, C3 injection at
100 lg/mL, a concentration that is 10 times lower
than that found in plasma (Table I) resulted in a net
and stable accumulation of 350 RUs on the chitosan
surface while no accumulation could be detected on
control surface (Fig. 6, injection 8). Injection of anti-
C3a antibody led to an additional accumulation of
350 RUs on the chitosan surface on which C3 had
been pre-bound while no accumulation was detected
on the mock surface (Fig. 6, injection 9). By compari-
son, injection of anti-C3b antibody (Fig. 6, injections
10 and 11) only generated a nonspecific signal on
both chitosan-C3 and the mock surface due to glyc-
erol present in the antibody preparation. This latter
result was consistent with C3 binding with chitosan
via its anionic C3b moiety, while the cationic C3a
peptide moiety was free to interact with other bind-
ing partners (e.g., anti-C3a antibody).

Novel model of chitosan-anionic serum protein
interaction

Factor B is cleaved during complement activation
by factor D to form factor Bb, the enzymatically
active subunit of the C3/C5 convertase complex.
When zymosan particles were incubated for 1 h
incubation at 378C in citrated plasma, rinsed with
EDTA buffer and extracted with 8M urea, solid-
phase Bb was abundantly present in the pellet
extract [ZAP, Fig. 7(A,C)]. By contrast chitosan pellet
extracts under identical conditions contained intact
factor B and no fragment Bb [Chi95, Fig. 7(A,C)].
These data demonstrated unequivocally that chitosan
did not trigger the formation of solid-phase comple-
ment C3/C5 convertase. Factor B associated more
tightly with 95% DDA than 80% DDA chitosan [Fig.
7(A)], as was the case for C5 and C3 [Fig. 4(B,D–E),
respectively]. Most strikingly, fragment Ba was
eluted from chitosan particles after incubation in
plasma [Fig. 7(A)]. Further analysis of the chitosan-
treated plasma supernatants revealed that chitosan
adsorbed out low-level Ba fragment (and not Bb)
already present in plasma [Fig. 7(C)]. Antithrombin

Figure 4. Assay using citrated plasma to measure C5a/C3a generation and C5/C3 binding to insoluble zymosan or chito-
san particles. C5a and C3a were generated by zymosan but not chitosan, while intact C5 and C3 bound to chitosan and
not to zymosan particles or to glass beads. Citrated plasma (lanes 1–6) or recalcified plasma (lane 7) was incubated for 1 h
at 378C with various test conditions as indicated, and cleared Supernatants, or the 8M urea Pellet extracts from the same
samples were analyzed by Western blot for C5a and C5 proteins under nonreducing conditions (Panels A,B, respectively)
and for C3a and C3/iC3b proteins under reducing conditions (Panels C–E, respectively). Lanes 8–10 were loaded with
appropriate controls: rC5a (recombinant C5a), C5 (purified C5), C3 (purified C3), P (plasma incubated for 1 h at 378C);
P-not boil (plasma never heated or boiled in sample buffer). Panel E shows a Western blot of panel D that was stripped
and re-probed with anti-C3a antibody. The boxes indicate the protein detected, and antisera used for immunodetection.
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(AT), an anionic serum protease inhibitor, also
adsorbed to chitosan particles, with stronger affinity
for 95% DDA compared to 80% DDA chitosan [Fig.
7(B)]. Altogether these data showed that a variety of
anionic plasma and serum proteins, including C5,
C3, factor B, Ba, and AT selectively adsorbed to chi-
tosan, and all of these proteins had a theoretical pI
lower than the pK0 6.78 of chitosan (Table II). Protein
binding to chitosan was unrelated to the hydropa-
thicity index (Table II).

Conditions that activated coagulation of plasma
did not activate complement

Our TEG analysis showed that C5a was generated
in whole blood and chitosan-GP/blood mixtures in
parallel with thrombin generation (Fig. 1). To further
elucidate the role of thrombin generation in comple-
ment activation, we analyzed C5a generation in clot-
activated plasma. Negatively charged glass surfaces
activate the contact pathway in plasma, but not in
citrated plasma which is chelated of calcium ions
necessary for propagation of the clotting cascade.
Glass beads incubated in citrated plasma for 1 h at
378C failed to induce coagulation, or to bind to C5,
C3, factor B, AT, or to activate complement [Fig.
4(A–D) and Fig. 7(A,B), lane Glass]. Glass beads
incubated in recalcified plasma induced fibrin clot
formation (unpublished observations). The resulting
glass bead-fibrin pellet contained trace levels of

urea-extractable AT [Fig. 7(B), lane Glass þ Caþþ]
but the glass beads and fibrin clot failed to generate
C5a or to bind to C5, or factor B [Figs. 4(A–B) and
7(A), Glass þ Caþþ]. When purified thrombin was

Figure 5. Assay using serum and complement-inhibiting conditions for C5a generation and C5/C3 binding to insoluble
zymosan or chitosan particles. Native C5 and C3 bound to chitosan under complement-inhibiting conditions. Zymosan or
95% DDA chitosan-NaCl (Chi95) were incubated at 4 mg/mL with pooled serum (--), serum with 10 mM EDTA (E), or
methylamine-treated plasma (M) for 1 h at 378C. Resulting Supernatants were analyzed by Western blot for C5a (Panel A,
nonreducing conditions) and 8M urea Pellet extracts from same samples were analyzed for C5 with an anti-C5a antibody
(Panel B, nonreducing conditions), and C3 with an anti-C3b antibody (Panel C, reducing conditions). Panel D shows West-
ern blot of panel C that was stripped and reprobed with anti-C3a antibody. In addition, pull-down experiments showed no
C3a/C5a eluted from Chi95 incubated with 10 lg/mL C3a/rC5a (Chi95-C3a/C5a, Panel A), and only very trace amounts of
C3 eluted from Chi95 incubated with 10 lg/mL C3a/rC5a (Chi95-C3/C5) (Panels B-D). sC5: novel short form of C5 in se-
rum that contained the C5a epitope. The boxes indicate the protein detected, and antisera used for immunodetection.

Figure 6. Binding of pure C3 to chitosan was verified by
surface plasmon resonance (SPR) biosensing. The top trace
shows protein accumulation on biotinylated chitosan
coupled to streptavidin (SA) sensorchip and the bottom
negative control trace shows bare SA sensorchip exposed
simultaneously to the same conditions. Serial injections
were as follows: buffer (1–4), pure C3 protein at 1, 10, 20,
and 100 lg/mL concentrations (5–8, respectively), anti-C3a
antibody at 0.3 lg/mL (9), and anti-C3b antibody at 0.05
and 0.13 lg/mL (10,11). Injections 10 and 11 show nonspe-
cific signal due to glycerol present in the anti-C3b stock
solution. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 7. Assay for association of factor B, factor B cleavage products, and antithrombin (AT) in citrated plasma to chito-
san and zymosan particles. Zymosan and chitosan particles were incubated in plasma for 1 h incubation at 378C, the pel-
lets extracted with 8M urea (same samples analyzed in Fig. 4), and pellet extracts analyzed by Western blot under nonre-
ducing conditions using anti-factor B polyclonal antiserum (Panel A) and monoclonal anti-human AT (Panel B). Panel C
shows a nonreducing Western blot analysis of factor B, using urea pellet extracts (lanes 1–4) and supernatants (lanes 5–7)
from the same set of samples as those analyzed in Panel A. Enzymatically active factor Bb associated noncovalently with
zymosan (ZAP) and not with chitosan (Chi-95). Factor B, factor Ba, and AT associated noncovalently with chitosan par-
ticles. Note in Panel C that association of factor Ba with chitosan particles (lane 3, Chi95-GP) was coincident with deple-
tion of factor Ba from plasma supernatant (lane 7, Chi95-GP). Appropriate quantities of purified protein standard (factor
B, AT) and plasma were loaded onto each gel as a control.

TABLE II
Theoretical pI of Human Complement, Clotting, and Platelet Factors

Factora Theoretical Mwb (g/mol) Theoretical pI Amino acid charge balancec Hydropathicity Index

pI below chitosan pK0
d (predicted to bind chitosan)

C3 184,580 6.00 218 20.339
C5 186,067 6.07 218 20.196
B 83,001 6.66 23 20.552
Ba 25,983 5.97 23 20.800
Antithrombin (AT) 49,039 5.95 24 20.359
Prothrombin 65,308 5.24 218 20.606

pI the same or slightly above chitosan pK0 (not predicted to bind chitosan)

C2 81,085 7.57 1 20.349
C4 142,058 6.79 24 20.178
Bb 57,036 7.27 0 20.437
D 24,405 6.85 21 20.167
I 63,457 7.38 21 20.380
FVII 49,154 6.77 22 20.374

pI well above chitosan pK0 (highly cationic: not predicted to bind chitosan)

C3a 9095 9.69 9 20.784
C4a 8764 9.63 8 20.899
C5a 7803 8.76 4 20.339
PF4 7769 8.80 3 20.211
Thrombin 33,811 8.32 3 20.513

aAccession numbers: C3, P01024; C5, P01031; B, P00751; AT, P01008; Prothrombin, P00734; C2, P06681; C4, P0C0L4; D,
P00746; I, P05156; FVII, P08709; PF4, P02776.

bTheoretical Mw without post-translational modifications, leader sequence removed, ExPASy.
cTotal number of positively charged (Lys þ Arg) minus total number of negatively charged (Asp þ Glu).
dpK0 5 6.78, the upper limit of chitosan pKa, 72–98% DDA at 150 mM NaCl, 258C41.
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added to citrated plasma, or to chitosan-GP/
plasma samples, a fibrin clot was formed without
generating activated C5a fragment [Fig. 2(C) lane IIa,
and data not shown]. Since chitosan-GP/plasma
mixtures permitted fibrinogen cleavage by thrombin,
a serine protease, this indicated that the lack of com-
plement activation by chitosan-GP and chitosan-
NaCl solutions was not due to complement enzyme
denaturation or nonspecific inhibition of serine pro-
tease activity.

DISCUSSION

Chitosan is a noncomplement-activating biomate-
rial, because chitosan particles associated noncova-
lently with C3, C5 and factor B, without activation
and without generation of C3bBb convertase or
release of C5a. Previous publications suggesting that
chitosan activates complement5–9 were based on
binding and depletion assays; these previous results
could equally be explained by tight binding without
activation. In a study by Suzuki et al.,9 greater deple-
tion of complement activity was seen for more
deacetylated forms of chitosan, in agreement with
our data (Fig. 4). Our results highlight the pitfalls of
using binding or complement depletion assays as
the sole means of analyzing complement activation
by potentially nonactivating materials. Similar cau-
tions have been cited when using the HC50 hemo-
lytic depletion assay to analyze biomaterials such as
heparin which block red blood cell hemolysis.42

As in this study, we did not analyze chitosan pel-
lets for covalently bound proteins, we cannot firmly
state that C3b formed no covalent linkages with chi-
tosan amino groups, or hydroxyl groups which both
serve as acceptor groups of activated C3 thioester.12

One could therefore speculate that some C3b was co-
valently bound to chitosan, and remained in the in-
soluble pellet after urea extraction. However, this
argument is difficult to support, given that no C5a
was detected in the fluid phase of chitosan-treated
serum or plasma, and that no factor Bb associated
with the chitosan particle surface. Chitosan formed a
noncovalent and tight association with AT in a
charge- and DDA-dependent manner (Fig. 4). It is
tempting to speculate that AT serine protease inhibi-
tor was responsible for inhibiting complement acti-
vation at the chitosan surface.26 However very little
AT associated with 80% DDA chitosan particles, and
these particles still adsorbed C3 and C5 without acti-
vating complement. AT and Ba deposition therefore
appears to be a by-product of nonspecific biofouling
of positively charged glucosamine residues by ani-
onic plasma proteins. Others have shown that serum
proteins fibrinogen and serum albumin45 and pro-
perdin7 also bind to chitosan. Furthermore, pure C3

bound to chitosan biosensor surfaces in a manner
that selectively exposed the cationic C3a epitope.
Altogether, these collective data allow us to generate
a new and predictive model of chitosan-blood pro-
tein interaction, whereby anionic proteins with a pI
lower than the pK0 of chitosan can deposit onto posi-
tively charged chitosan nonspecifically (Table II,
Fig. 8, chitosan), and without requiring a reactive in-
ternal thioester bond [Fig. 5(B,C) lane Chi95-M].

Our data also contributes new information to
existing models of zymosan-induced alternative
complement activation. In our Western blot analyses,
C3b became covalently tethered to zymosan-associ-
ated proteins and rapidly converted to iC3b in
citrated plasma and in serum. These results are con-
sistent with a recent report that C3b can deposit on
proteins that accumulate on polystyrene and become
rapidly converted to iC3b.19 Our data further dem-
onstrate that citrated plasma leaves sufficient free
magnesium ions in solution (i.e., on the order of
1.6 3 1026M)44 to support alternative complement
activation by zymosan. Interestingly, low levels of
iC3b were found to associate with zymosan in
EDTA-serum but not in methylamine plasma [Fig.
5(C)]. These data suggest that EDTA only partly

Figure 8. Model of complement factors associated with
chitosan (black line) or to zymosan (which contains chitin,
gray line). In the case of chitosan, nonreactive ‘‘bio-fouling’’
by anionic serum proteins is increased with higher DDA
and increased charge density. In the case of zymosan,
alternative pathway activation after 1 h at 378C leads to
iC3bBb tethered to zymosan particles, via iC3b cross-
linked to proteins (blue oval) noncovalently bound to chi-
tin. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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interferes with the chemical ester linkage of C3b to
zymosan-associated proteins, and splitting of C3b to
iC3b. Our collective data support a model whereby
factor Bb fragment remains stably associated on the
zymosan particle surface, in a complex with iC3b
which is tethered to zymosan-associated factor(s)
(Fig. 8, zymosan). Future studies will show whether
the iCbBb complex is enzymatically active.

Our study has also shed some more light on the
relationship between coagulation and complement
activation. Glass is a well-known activator of throm-
bin through the contact pathway in whole blood and
plasma.46 Here, we showed using purified thrombin,
and glass beads in recalcified plasma, that thrombin
activity sufficient to cleave fibrinogen was nonethe-
less insufficient to generate detectable levels of C5a
in plasma. If thrombin is a C5 convertase,26 our data
indicate that it is a rather weak convertase in human
plasma compared to zymosan, and suggest that pla-
telet activation (Fig. 1)25 which is triggered by
thrombin,35 is a more significant driver of C5a gener-
ation in normal whole blood. The generation of C5a
in chitosan-GP/blood mixtures can therefore be best
explained by complement activation through platelet
activation,25 which is promoted by chitosan.22,47,48

It is generally held that complement activation
may have pathological consequences by promoting
inflammatory processes, however our data point to
the therapeutic possibilities of in situ complement
activation during wound repair. C5a release from
blood clots and from chitosan-GP/blood clots could
be related to the increased neutrophil chemotaxis
seen towards chitosan-GP/blood implants during
guided cartilage repair.3 Transient neutrophil chemo-
taxis toward chitosan-GP/blood implants was fol-
lowed by angiogenesis, bone remodeling, and a
more structurally improved cartilage repair tissue,
compared to blood clots induced by surgical inter-
vention alone.3,4,24 Our translational research has led
to the use of chitosan-GP/blood implants in clinical
trials of a novel articular cartilage repair device,49,50

and a new class of biomaterial-blood implants in
which complement activation will continue to be an
interesting component. Our data rule out direct acti-
vation of complement by chitosan, and implicate pla-
telets in the release of C5a from whole blood and
chitosan-GP/blood implants. These data suggest that
transient C5a release could be a therapeutic initiating
event in wound repair.

CONCLUSIONS

Chitosan is a nonactivating biomaterial that is pos-
itively charged, and binds to anionic plasma and
serum proteins C3, C5, factor B, Ba fragment, and
AT without leading to complement activation or

release of C5a anaphylatoxin. C5a fragment
appeared in coagulating whole blood serum in par-
allel with platelet degranulation, with or without
chitosan. Together, these data allow us to conclude
that a C5 convertase is not activated in coagulating
blood directly at the chitosan particle surface. This
study revealed that chitosan particles selectively
adsorb serum proteins with a pI below the insoluble
chitosan pK0 5 6.78, suggesting that ionic interac-
tions could be the leading force for the adsorption of
a variety of serum factors, including complement
factors, to chitosan.

The authors acknowledge Dr. Alessio Serreqi and Dr.
Jun Sun’s assistance in generating chitosan solutions,
Angélique Hoeffer for excellent technical assistance, Dr.
Michael Pangburn for helpful suggestions, and Dr. Nicole
Thielens for critical reading of the manuscript.
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