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Abstract: In the present study, we have shown the vast
importance of biomaterial nanotexture when evaluating
inflammatory response. For the first time in an in vitro
whole blood system, we have proven that a small increase
in nanoporesize, specifically 180 nm (from 20 to 200 nm),
has a huge effect on the complement system. The study
was done using nanoporous aluminiumoxide, a material
that previously has been evaluated for potential implant
use, showing good biocompatibility. This material can eas-
ily be manufactured with different pore sizes making it an
excellent candidate to govern specific protein and cellular
events at the tissue-material interface. We performed
whole blood studies, looking at complement activation
after blood contact with two pore size alumina membranes
(pore diameters, 20 and 200 nm). The fluid phase was ana-
lyzed for complement soluble components, C3a and sC5b-9.
In addition, surface adsorbed proteins were eluted and dot

blots were performed to detect IgG, IgM, C1q, and C3. All
results point to the fact that 200 nm pore size membranes
are more complement activating. Significantly, higher val-
ues of complement soluble components were found after
whole blood contact with 200 nm alumina and all studied
proteins adsorbed more readily to this membrane than to
the 20 nm pore size membrane. We hypothesize that the
difference in complement activation between our two test
materials is caused by the type and the amount of adsorbed
proteins, as well as their conformation and orientation. The
different protein patterns created on the two alumina mem-
branes are most likely a consequence of the material topog-
raphy. � 2008 Wiley Periodicals, Inc. J Biomed Mater Res
87A: 575–581, 2008
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INTRODUCTION

It is well known that surface topography of a bio-
material affects the biocompatibility in terms of cel-
lular response and tissue integration. Early investiga-
tions mainly focused on microtopography. The
results clearly indicated that cells reacted to the dif-
ferent micron features, for example, by aligning in
grooves and by increased adherence and prolifera-
tion in the presence of nodes or pores.1–4 Lately,
scientists have realized the importance of nanotopog-
raphy and discovered the similarities between nano-
phase materials and components of biological
systems.5–9 Besides, the development of easy and

fast fabrication methods of nanostructured sur-
faces has made it possible to move forward in this
field.7,8

Several review articles deal with the topic of how
various cell types are influenced by different nano-
scale topographies,3,7,8 for example, grooves, ridges,
spikes, islands, pores, wells, and nodes. Many of
these features have been shown to affect the cell
response in terms of adhesion, morphology, motility,
phagocytic activity, and cytokine production. There
is a broad range of cells used in these studies, for
example, osteoblasts,9,10 fibroblasts,11 neutrophils,12

macrophages,13,14 endothelial,15 and epithelial cells.16

The majority of this work has, however, been done
using isolated systems and have therefore not con-
sidered the very first events that occur when
implanting a material. Working with whole blood
gives the opportunity to mimic an in vivo situation
and to gain insight into the interplay between blood
plasma proteins, cascade systems, and the cellular
components involved in biocompatibility reactions.
Activation of the complement system plays a central
role in the inflammatory response; it influences
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platelet and leukocyte activation and affects the
recruitment and adhesion of other inflammatory
cells at the implant site. Hence, the relevance of
complement activation studies when evaluating a
potential implant material with a specific surface to-
pography. The complement cascade is an effector
system consisting of more than 30 soluble and mem-
brane bound proteins. The central event is the pro-
teolytic cleavage of C3 into C3b and C3a which is
achieved by two multisubunit enzyme complexes,
the C3 convertases. These enzymes can be assembled
by three different activation pathways: the classical
pathway, the alternative pathway, and the mannan-
binding lectin pathway. The activation pathways
converge in a terminal pathway that ends up form-
ing a membrane attack complex (MAC) which dis-
rupts the membrane integrity of pathogens.17,18 In
the absence of a biological membrane, the MAC
binds to S protein and forms sC5b-9 which remains
in the fluid phase. Complement activation also
releases soluble components which are anaphyla-
toxins that induce a variety of cellular responses:
chemotaxis, vasodilatation, cell activation, and cell
adhesion. It was conventionally believed that the
alternative pathway was the main mechanism
involved in complement activation by artificial surfa-
ces and that the presence of nucleophilic groups on
the surfaces was of major importance.17 However,
more recently, it is believed that the classical path-
way is relevant and that the triggering mechanism
is related to conformational changes occurring in
adsorbed proteins on the material surface.17–20

In this work, we have studied how different pore
sizes (in the nanometer scale) on anodized alumin-
ium, influence the proinflammatory characteristics,
specifically looking at complement activation after
contact with whole blood, thus giving us the possi-
bility of studying the ‘‘whole picture’’ instead of spe-
cific cells in isolated systems. This has to our knowl-
edge never been done before. Aluminium has the
advantage of easily being anodized into nanoporous
alumina with different pore sizes.21 The material in
question has been evaluated as a potential bone
implant coating22 and as a stent coating for drug
delivery.23 In both cases, anodized aluminium
showed favorable tissue compatibility thus leading
us to believe that it is not only suitable as a model
substrate for investigating protein and cellular orga-
nization on nanoscale level, but may also be used as
an implant material with a great potential for con-
trolling the type and magnitude of cellular and mo-
lecular events at the tissue-implant interface.5,6 In
the course of our experiments, special attention was
therefore paid to the different proteins adsorbed on
the surface of the alumina. It is well established that
type, amount and conformation of surface adsorbed
proteins are of extreme importance for the later

events taking place at the tissue-material interface
such as cell attachment and tissue integration.24,25

MATERIALS AND METHODS

AnodiscTM alumina membranes produced by Whatman
International (Maidstone, England) were used in this
work. The membranes are 25 mm in diameter and 60 lm
thick, with narrow pore size distribution. This study
included membranes with two pore sizes, 20 and 200 nm (in
diameter). It should be noted that the membranes have simi-
lar surface roughness and surface chemical characteristics.12

Heparin coating

The slide chambers and the blood collection materials
were heparin coated using the Corline method (Corline
Systems AB, Uppsala, Sweden), following the manufac-
turer’s recommendations.

Preparation of blood

Whole blood from 10 healthy donors was collected in
heparin-coated 50-mL Falcon1 tubes (Becton Dickinson,
USA) containing soluble heparin (Bio Iberica, Barcelona,
Spain) to give final concentrations of 0.25 and 0.5 IU hepa-
rin/mL.

Slide chamber model

The slide chamber previously described by Hong et al.26

was used for these experiments. The device is manufac-
tured from polymethylacrylate (PMMA) and consists of
two wells that can hold a maximum volume of 1.65 mL
each. After heparin coating, each well was filled with
1.3 mL of blood (1 mL of blood was also collected in
eppendorf tubes containing EDTA, these 0 min samples
were later used as controls). The nanoporous alumina
membranes were then placed covering the wells (as
‘‘lids’’), thus two circular chambers were created (see
Fig. 1). The slide chambers were rotated vertically at
22 rpm for 30 or 60 min in a 378C water bath. After incu-
bation, 1 mL of blood from each chamber was removed
and mixed with EDTA-K3, giving a final concentration of
4 mM. The EDTA-treated blood samples (including the
0 min controls) were centrifuged at 3000g for 10 min at
þ48C after which the plasma was collected and stored at
2708C for further analysis.

The alumina membranes were washed with veronal buf-
fered saline containing 0.75 mM Caþ2 and 2.5 mM Mgþ2

(pH 7.4), allowed to dry at room temperature, and finally
stored at 2708C for further protein elution and dot blot
analysis.
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Enzyme immunoassays (EIA)

Phosphate-buffered saline (PBS) containing 1% (w/v)
bovine serum albumin (Sigma-Aldrich, St. Louis) and 0.1%
TWEEN 20 (Sigma-Aldrich, St. Louis) was used as work-
ing buffer and PBS containing 0.1% TWEEN 20 and 0.02%
AntifoamTM (Pharmacia, Uppsala, Sweden) as washing buffer.

Detection of C3a

Plasma samples diluted 1/1000 or 1/3000 were incu-
bated in wells coated with monoclonal antibody 4SD17.3
(capture antibody). C3a was detected with biotinylated
anti-C3a antibody (Dako, Glostrup, Denmark) followed by
HRP-conjugated streptavidin (Amersham Biosciences, Lit-
tle Chalfort, UK).27 Zymosan-activated serum, calibrated

against a solution of purified C3a, served as a standard.
Values are given in ng/mL.

Detection of sC5b-9

sC5b-9 was measured using a modification of the
method described by Mollnes et al.27,28 Plasma samples
were diluted 1/3 or 1/5 and added to microtiter plates
coated with antineoC9 monoclonal antibody. sC5b-9 was
detected by polyclonal anti-C5 antibodies diluted 1/500
(Dako, Glostrup, Denmark), followed by HRP-conjugated
anti-rabbit immunoglobulin diluted 1/500 (Dako, Glostrup,
Denmark). Zymosan activated serum containing 40,000
AU/mL served as standard.

Protein elution and dot blot analyses

The nanoporous alumina membranes were incubated
with 2% SDS in veronal buffered saline containing
0.75 mM Caþ2 and 2.5 mM Mgþ2 (pH 7.4) for 3 h at room
temperature. Three dilutions of the eluted proteins were
spotted onto Immun-BlotTM PVDF membranes (BioRad Lab-
oratories, Hercules CA) (dilutions 1/100, 1/10, and undi-
luted sample). The immun-blot membranes were blocked
with 1% BSA in PBS containing 0.05% TWEEN 20, and 0.02%
AntifoamTM for 30 min. Primary antibodies against IgG,
IgM, C1q (Dako, Glostrup, Denmark), and C3 (Pharmacia,
Uppsala, Sweden) diluted 1/400 were used in the different
dot blots performed. HRP-conjugated anti-rabbit immuno-
globulin (Dako, Glostrup, Denmark) diluted 1/500 was used
as secondary antibody. Antibody incubations were per-
formed during 1h at room temperature. The nitrocellulose
membranes were developed using 3,30-diaminobenzidine,
tetrahydrochloride (DAB) (BioRad Laboratories, Hercules,
CA) and thereafter scanned and analyzed using Imaje J.29 The
intensity of the dots is expressed as integrated density (ID).

Statistical analyses

The results are expressed as mean 6 SE. Statistical sig-
nificance was calculated with Student’s t-test for unpaired
samples, using Statview for Macintosh.

Figure 2. Complement activating properties of nanoporous alumina after whole blood contact. Experimental conditions:
incubation time 30 and 60 min, soluble heparin concentration 0.25 IU/mL and 0.5 IU/mL. Comparison between 20 and
200 nm pore size alumina. (a) generation of C3a. (b) generation of sC5b-9. Data represent the mean 6 SE from experi-
ments using blood from 10 different donors. Statistically significant differences between the two study materials are
marked with * (p < 0.05). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.]

Figure 1. The slide chamber model. 1.3 mL of whole
blood is added to each well of the slide chamber. Nanopo-
rous alumina membranes are placed covering the wells (as
‘‘lids’’) thus two circular chambers are created. The slide
chamber is rotated vertically at 22 rpm for 30 or 60 min in
a 378C water bath. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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RESULTS

Generation of C3a and sC5b-9

Whole blood was in contact with 20 and 200 nm
pore size alumina for 30 and 60 min. When com-
paring C3a levels generated after contact with the
two alumina membranes, we found a significant
difference (p < 0.05) after 1 h incubation time.
Whole blood incubated with 200 nm membranes
produced two times higher levels of the com-
plement soluble component C3a, regardless of
soluble heparin concentration [see Fig. 2 (a)].
After 30 min of incubation a similar trend was
observed.

When evaluating the generation of sC5b-9, similar
results to those obtained for the C3a analysis were
seen [see Fig. 2(b)]. In this case even higher levels
(approximately five times) were detected after con-
tact with 200 nm pore size membranes. The effect
caused by the different pore sizes was most pro-
nounced after 1 h of incubation.

Analyses of bound proteins to nanoporous alumina
after contact with whole blood

The membranes were treated with 2% SDS to
desorb bound proteins. The protein recovery was
75% as analyzed with BCA (Micro BCATM Protein
assay kit, Pierce). Dot blot analyses were performed

Figure 3. Dot blot membranes after color development. Each row represents a different blood donor. Experimental con-
ditions: incubation time 60 min, soluble heparin concentration 0.25 IU/mL. Nitrocellulose membranes were scanned and
analyzed using Image J; results are shown in Figure 4. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 4. Dot blot analyses of bound proteins: (a) detection of C1q, (b) detection of IgM, (c) detection of IgG, and (d)
detection of C3. Data represent dot intensity expressed as integrated density (mean 6 SE). Statistically significant differen-
ces between the two study materials are marked with * (p < 0.05). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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to compare the amounts of C1q, IgM, IgG, and C3
desorbed from the different membranes. The results
show that more C1q, IgM, IgG, and C3 were bound
to the 200 nm membrane than to the 20 nm alumina
(see Figs. 3 and 4). The differences are statistically
significant (p < 0.05) for C1q and IgM regardless of
incubation time or soluble heparin concentration.
Similar results were obtained for IgG; however, not
significant when incubated for 30 min with a hepa-
rin concentration of 0.25 IU/mL. The C3 values also
tend to be higher when incubated with 200 nm as
compared to 20 nm alumina membranes, thus fol-
lowing the same pattern as for C1q, IgM, and IgG.

DISCUSSION

The generation of activation products in blood
plasma is a good indicator of complement activation;
therefore, C3a, C4a, and C5a are used as candidates
to evaluate such processes. The C3a level is usually
chosen as an indicator of total complement activa-
tion. C5a is the most potent anaphylatoxin but has
the disadvantage of rapidly being coupled to its re-
ceptor (C5aR). Measurement of sC5b-9 is, however,
an excellent way to quantify terminal complement
activation and to indirectly assess C5a levels.20

In the present study, we found that both C3a and
sC5b-9 levels in plasma were significantly higher
(p < 0.05) after blood contact with 200 nm pore size
membrane as compared to the 20 nm membrane.
Since generated C3a may bind to the biomaterial
surface,30,31 evaluation of complement activation
only in the fluid phase could be misleading. There-
fore, a Western blot was performed to detect bound
C3a (unpublished data). Although C3a was found to
bind to both alumina surfaces, the levels were higher
on the 200 nm membrane. This leads us to conclude
that complement activation is more pronounced
when blood is in contact with 200 nm pore size alu-
mina as reflected by the generation of higher levels
of soluble components.

For blood-material interactions protein adsorption
is a critical feature. Dot blot analyses were therefore
performed to detect amounts of adsorbed IgG, IgM,
C3, and C1q on the different alumina membranes.
The intensity of the dots was measured and the
results from the two membranes were compared.
We found that more protein (IgG, IgM, C3, and C1q)
adsorb on the 200 nm pore size membrane as com-
pared to the 20 nm membrane. It is believed that the
initial adsorption of blood proteins to a biomaterial
surface trigger the subsequent molecular and cellular
responses.32 Adsorption of IgG has been shown to
initiate the classical pathway33,34 and IgM has proven
to be a versatile molecule that may activate the comple-

ment system by different mechanisms depending on
the environment.34

Tengvall et al.35 has established that C3a adsorp-
tion on hydrated aluminium occurs in a C1q de-
pendent manner after prolonged serum incubations.
Andersson et al.36 also suggests that complement
activation is triggered when C3b binds to adsorbed
plasma proteins on a material surface. Wetterö
et al.37 proposes a pronounced role of C3 opsonization
of the material surface in complement initialization,
probably occurring through multiple interactions
between C3 and other rapidly adsorbed proteins. In
summary, it is of major importance to evaluate the
specific protein pattern created on a surface. The
fact that all studied proteins (IgG, IgM, C3, and
C1q) adsorb more readily to the 200 nm pore size
alumina than to the 20 nm membrane correlates
well with the high levels of activation products C3a
and sC5b-9 produced when whole blood has been in
contact with the 200 nm membrane. In conclusion,
all studies point to the fact that an increase of
180 nm in pore size leads to a significant increase in
complement activation. This increased activation
might lead to assembly of inflammatory cells which
in turn can lead to a chronic inflammation or impair
the host defense to subsequent infections thus caus-
ing implant failure. Wetterö et al. has in fact shown
that adsorbed IgG on a biomaterial and the asso-
ciated complement activation, also amplifies the
neutrophil inflammatory response.38 We therefore
hypothesize that if used as a blood contacting
implant device a smaller surface porosity (around
20 nm in diameter) is favorable.

As established by Karlsson et al.22 no difference in
surface chemistry or topography between the mem-
branes can be seen. It should, however, be noted
that inside the membranes (on the inner surface of
the pore walls) traces of the stable anion species
(PO4

32) from the electrolyte used (H3PO4) when
manufacturing the membranes can be detected. The
phosphate group (PO4

32) could in turn affect the
binding of certain proteins especially smaller pro-
teins that are able to diffuse into the pores.

Studies conducted by Sutherland et al.39 and
Denis et al.40 show that nanoscale topography can al-
ter functional behavior of certain proteins. Suther-
land et al. speculates that fibrinogen molecules adopt
different orientation or conformation on structured
surfaces as compared to that of a flat surface thus
making specific binding sites accessible to receptors
in the platelet membrane.39 Since the pores on our
test materials are in the same size range, it is very
likely that the same reasoning can be applied on our
study, that is, the difference in complement activa-
tion between our two test materials is caused by the
type and the amount of adsorbed proteins as well as
their conformation and orientation. The smaller pro-
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teins, for example, IgG and C3 might easily diffuse
into and bind to the internal surface of the 20 nm
membrane while larger proteins such as IgM and
C1q should mainly bind to the macroscopic surface.
The different pore diameters result in a difference in
accessible surface area for the proteins depending on
their size and shape. Large proteins are able to dif-
fuse into the 200 nm pores while they only adsorb to
the macroscopic surface of the 20 nm membrane.
Thus, the 200 nm membrane presents a higher acces-
sible surface area than the 20 nm alumina. One can
also speculate that on the 200 nm membrane the pro-
teins have more freedom to adopt different confor-
mations, thus making specific binding sites available.
A combination of these two phenomena, most likely,
cause the variation in complement activation. The
present study demonstrates the importance of con-
trolling the nanotexture when regulating the inflam-
matory response at artificial surfaces in contact with
body fluids. We expect that better understanding of
molecular interactions on the nanolevel will permit
design strategies for controlling specific biological
events.

CONCLUSION

The overall picture that emerges from the present
study shows that a difference in nanopore size, spe-
cifically 180 nm, has a huge effect on complement
activation. IgG, IgM, C3, and C1q adsorb more read-
ily to 200 nm pore size alumina than to the 20 nm
membrane which also correlated well with the high
levels of activation products, C3a and sC5b-9, pro-
duced when whole blood was in contact with the
200 nm alumina. This is most likely due to the dif-
ferent protein patterns created on the two mem-
branes, that is, a variation in amount and type of
adsorbed proteins as well as conformation and ori-
entation which in turn would lead to a difference in
availability of specific receptors and binding sites of
theses proteins. Since the complement system has a
central role in inflammatory response, this difference
will very likely be reflected in the subsequent cellu-
lar events taking place at the site of inflammation.

With this study, we have demonstrated the impor-
tance of characterizing material topography in the
nanometer range, which undoubtedly will play a sig-
nificant role in biomaterial implant design.
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