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Abstract
Background:

Continuous monitoring of glucose by implantable microfabricated devices offers key advantages over current
transcutaneous glucose sensors that limit usability due to their obtrusive nature and risk of infection.
A successful sensory implant should be biocompatible and retain long-lasting function. Polymorphonuclear
leukocytes (PMN) play a key role in the inflammatory system by releasing enzymes, cytokines, and reactive
oxygen species, typically as a response to complement activation. The aim of this study was to perform an
in vitro analysis of PMN activation as a marker for biocompatibility of materials and to evaluate the role of
complement in the activation of PMN.

Methods:

Fifteen candidate materials of an implantable glucose sensor were incubated in lepirudin-anticoagulated whole
blood. The cluster of differentiation molecule 11b (CD11b) expression on PMN was analyzed with flow cytometry
and the myeloperoxidase (MPO) concentration in plasma was analyzed with enzyme-linked immunosorbent
assay. Complement activation was prevented by the C3 inhibitor compstatin or the C5 inhibitor eculizumab.

Results:

Three of the biomaterials (cellulose ester, polyamide reverse osmosis membrane, and polyamide thin film membrane),
all belonging to the membrane group, induced a substantial and significant increase in CD11b expression and
MPO release. The changes were virtually identical for these two markers. Inhibition of complement with
compstatin or eculizumab reduced the CD11b expression and MPO release dose dependently and in most cases
back to baseline. The other 12 materials did not induce significant PMN activation.

Conclusion:

Three of the 15 candidate materials triggered PMN activation in a complement-dependent manner and should
therefore be avoided for implementation in implantable microsensors.
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Introduction

G

lobal prevalence of diabetes mellitus is increasing,
with an estimated 250 million people now suffering
from the condition according to the latest survey by the
American Diabetes Association. Latest figures released
in January 20111 confirm that the number of diagnosed
cases in the United States have risen to 18.8 million people,
whereas another 7 million may live with the condition
undiagnosed. Therefore, the main goal for an effective
treatment of diabetes is the maintenance of blood glucose
values within what is considered normal values for a
healthy subject. Such tight control of glucose can best be
achieved by continuous monitoring of the glucose level
either directly in blood or in the interstitial fluid (ISF)
representing an ultrafiltrate of blood.2
Continuous glucose measurements will track the glucose
level in real time and thereby predict upcoming hypo- or
hyperglycemic events at an early stage. To realize this
potential, implantable glucose sensors should be able to
measure the concentration of glucose within tolerances
that are as good as that of current state-of-the-art ex vivo
sensors. They should exhibit as small a drift as possible,
be unobtrusive, and exhibit biocompatible properties
with the tissues at the implantation site.
Biocompatibility, by definition, is the ability of a material
to perform with an appropriate host response in a specific
application,3 and which in clinical medicine have been
extended to a quality of being mutually tolerant with life.4
Since the complement system plays a critical role in the
inflammation response to implantable devices, it is
reasonable to refer to complement compatibility as an
initial important factor in predicting biocompatibility of
a material.5–7
The complement system is an important part of innate
immunity, and can be activated through the classical,
the lectin, or the alternative pathway. These complement
pathways converge at the C3-level, which results in
formation of C3b. This is a key molecule that governs
further activation of C5 to C5a and C5b, as well as
triggering an amplification loop for the alternative pathway.
C5a is a potent anaphylatoxin, whereas C5b participate
in the formation of the terminal complement complex,
which is the end product of complement activation.8,9
Transcutaneous glucose sensors approved for continuous
glucose monitoring are based on enzyme technology, and
J Diabetes Sci Technol Vol 5, Issue 6, November 2011

the most long-lived sensors are qualified for use up to
7 days.10 We propose that application of a microfabricated
osmotic sensor technology in combination with selective
biomaterials can extend the lifetime operation of the
glucose sensor in vivo. The sensor makes use of an
affinity assay, which does not consume any reagents or
generate any toxic by-products that are detrimental for
sensor operation with time.11 Because it will be essential
to avoid any biological responses that may interfere with
detection of glucose, the sensor should not elicit any
significant inflammatory response following implantation
in vivo.12–15 Hence, the purpose of these in vitro studies
was not to accurately predict sensor performance in vivo,16
but to enable a preliminary screen of biocompatibility in
order to remove materials that would otherwise elicit a
detrimental immunological response inside the body.5
Polymorphonuclear leukocytes (PMN) can be activated
by invading pathogens as a favorable event to combat
infection as well as by artificial materials, then often with
unfavorable effects damaging the surrounding tissue
with impairment of the device function. They play a
key role in the inflammatory system through the release of
enzymes and reactive oxygen species as well as producing
proinflammatory cytokines, in particular, chemokines
generating chemotactic signals attracting other leukocytes.
Polymorphonuclear leukocytes are the predominant cells
causing local inflammation in response to biomaterials
during the first days after implantation.17 Activation of
PMN involves alterations of membrane receptors such
as cluster of differentiation molecule 11b (CD11b) and
L-selectin (CD62) that lead to an increased adhesiveness
to artificial surfaces and initiation of degranulation.
Polymorphonuclear leukocytes do also produce highly
reactive oxygen intermediates (ROI) through a process
known as oxidative burst. This is another potent
mechanism of defense, but overproduction of these
substances could also damage surrounding tissues as
well as the implanted biomaterials.18,19 The action of ROI
is further augmented by myeloperoxidase (MPO) released
from azurophilic granules during PMN activation.18,20
All these processes can significantly alter the function
of implantable devices and lead to sensor dysfunction.
Thus, it is important to determine the PMN-activating
properties of implantable materials.21
An important part of PMN activation is governed by
the complement system of the innate immunity.22,23
We examined the biomaterials intended for use in an
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osmotic glucose sensor with respect to their complement
activation potency, and found that the membrane
materials activated complement through the alternative
pathway.24 Such activation leads to generation of anaphylatoxins C3a and C5a. These are known to stimulate PMN
with subsequent degranulation and to generate production
of ROI and up-regulation of membrane receptors.22,23,25

reference in the materials available for this sensor
technology. Fifteen potential candidate materials were
selected in which the biocompatibility’s relation to
activation of PMN has yet to be assessed (Table 1).
The materials were divided into four groups depending
on which part of the sensor they would be implemented
(capsule, membrane, carrier, or sealing).

The aim of this study was therefore to perform an in vitro
analysis of PMN activation following exposure to selected
candidate materials for an osmotic glucose sensor and
to evaluate how the activation of complement contributes
to activation of PMN in response to such materials.

The sensor microimplant is built around a carrier of
low-temperature cofired ceramic (LTCC), which is a
multilayer ceramic platform that permits integration of
microelectronic circuit components in three dimensions.
This enables an ultracompact and thermally stable system
architecture that is used in the artificial pacemaker.
Consequently, a choice of two LTCC materials that differ
slightly in their processing parameters are included
in this study, CeramTec GC (CT) and DuPont 951 (DP).
The membrane and pressure transducer are attached
to the LTCC using a two-component epoxy resin, Epo-

Materials and Methods
Material Preparation and Incubation

This study emphasizes candidate materials from a sensor
produced by microfabrication, and consequently takes

Table 1.
Candidate Materials for Implementation in the Glucose Sensor

Encapsulation
materials

Membrane
materials

Sensor carrier
materials

Sealing
materials

a

Material

Abbreviation

Specification

Manufacturer

Sylgard 184

PDMS

polydimethylsiloxane

Dow Corning Corp., Midland, MI

Araldite 2020

A2020

Epoxy resin

Huntsman Ltd., Duxford, UK

Stainless steel

Me

corrosion resistant, Type 316L

Fosstech Engineering, Stokke, Norway

Silicon

Si

Silicon with native 2–3 nm
oxide surface

Vestfold University College, Horten, Norway

Silicon dioxide

SiO2

Silicon with a 500 nm thick
thermal oxidized surface

Vestfold University College, Horten, Norway

Cellulose ester

CM

Ultrafiltration membrane
(MWCO 5000 Da, ~2.5 nm) a

Spectrum Labs Europe B.V., Breda,
Netherlands

Polyamide

PAR

Reverse osmosis membrane
(MWCO 0 Da, <1 nm)

Sterlitech Corporation, Kent, WA

Polyamide

PATF

Thin Film membrane
(MWCO 0 Da, <1 nm)

Sterlitech Corporation, Kent, WA

Polycarbonate

PC

Track-etched membrane
(MWCO 500 kDa, ~15 nm)

Whatman plc, Kent, UK

Aluminum oxide

AAO

Anodic aluminum oxide
(MWCO 50 kDa, ~5 nm)

Synkera Technologies Inc., Longmont, CO

CeramTec GC

CT

Low-temperature cofired ceramic

Ceramtec AG, Plochingen, Germany

DuPont 951

DP

Low-temperature cofired ceramic

Dupont, Wilmington, DE

Silicone 3140 coating

S3140

Silicone-based polymer

Dow Corning Corp., Midland, MI

Silicone 3145
adhesive

S3145

Silicone-based polymer

Dow Corning Corp., Midland, MI

Epo-Tek 353ND

ETek

Epoxy resin

Epoxy Technol. Inc., Billerica, MA

Molecular weight cut-off
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Tek 353ND (ETek), which cures with temperature. This
adhesive also acts as a sealing material that protects the
electrical connections from moisture. However, small
distances between the electrical connections and the
aqueous environment in the sensor cavity prompted two
additional sealant materials to be considered: silicone
3140 (S3140) and 3145 (S3145), because of their good
water-repellent properties. These will also act as a buffer
between sensor components and the external capsule.
The membrane and control chip are made from silicon (Si)
and its glass-derivative silicon dioxide (SiO2). Additional
membrane materials include anodic aluminum oxide
(AAO) and the polymers cellulose ester (CM), polyamide
(PAR, PATF), and polycarbonate (PC). These were selected
for their nanoporous nature and chemical property as
well as the potential for integration on a miniaturized
silicon membrane frame. The whole sensor is enclosed
by an external capsule that protects internal components
from the external environment. Sylgard 184 is a polydimethylsiloxane (PDMS) that is commonly used in
microfluidics and lab-on-a-chip devices, whereas araldite
2020 (A2020) is a two-component epoxy resin that offers
an additional degree of mechanical support. Both of
these (alone or in combination) will be molded around
the sensor assembly and cured at room temperature.
Type 316L stainless steel (Me) used to encapsulate prototype
devices was included in these studies for comparison.
The sensor (Figure 1) rests in the ISF and detects osmotic
pressure generated in the sensor cavity (1) enclosed by the
nanoporous membrane (2) and silicon pressure transducer
(3). The membrane and transducers are attached by the
adhesive (4) to the sensor carrier (5) and sealed with
sealant materials (6), forming a flexible buffer against
the external capsule (7). The sensor cavity maintains an
active solution (8) based on the concanavalin A-dextran
affinity assay,11,26 which is protected against antibodies
by the nanoporous membrane. Thus, the membrane,
sealant, and encapsulant will be in direct contact with
the ISF through the access channel (9); whereas the carrier,
adhesive, and transducer will be in indirect contact
through the membrane.
The material samples with liquid properties (PDMS,
A2020, S3140, S3145, ETek) were prepared by administering
0.5 ml of uncured monomer in respective wells of a
24-well polystyrene plate and subsequently polymerized
at room temperature (60 °C for ETek) for 24 hours in
accordance with the recommendations of the manufacturer.
Material samples with solid structure (Si, SiO2, CT, DP)
were cut into pieces of 1 cm2. The nanoporous membranes
and metal parts were cut into circular structures with
J Diabetes Sci Technol Vol 5, Issue 6, November 2011
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Figure 1. Conceptual illustration (left) of the microfabricated
implantable osmotic glucose sensor, and the capsule less prototype
(right). The whole packaged device measures 3.6 × 8.7 mm and resides
in the ISF of subcutaneous adipose tissue. The unit samples glucose
as an ultrafiltrate from blood through the open access channel of
the capsule that provides direct access to the integrated 2 × 2 mm2
osmotic pressure sensor. The labels are related to (1) chamber,
(2) membrane, (3) pressure transducer, (4) adhesive, (5) carrier, (6)
sealant, (7) capsule, (8) bioparticles, and (9) access channel. See text
for details.

a surface area of 1 cm2. Empty polystyrene wells were
used as the negative control.
All materials, except the nanoporous membranes, were
washed three times with ethanol and then rinsed with
distilled water. Solid materials were additionally treated
with an ultrasonic bath to remove residual microparticles
that may persist on the material surface as a result of the
manufacturing process. Nanoporous membranes were
incubated in distilled water overnight in accordance with
the manufacturer’s instructions, and stored in phosphate
buffer saline (PBS). All materials used in this study were
rinsed with PBS solution prior to the experiment.
Whole blood from five healthy volunteers was used in
the experiments. Informed consent was obtained before
blood donation, and the study was approved by the local
ethical committee. The blood was anticoagulated with
the thrombin inhibitor lepirudin (Refludan®, Pharmion
Germany GmbH, Hamburg, Germany) in a final
concentration of 50 µg/ml.23,27
The experiments were performed by first administering
0.5 ml of blood in each well containing the respective
candidate materials, prior to incubation at 37 °C in a
climate room with the plate placed on a shaker platform.
After 20 min, 45 µl of blood was withdrawn from the
wells and used in flow cytometry in accordance to the

1493

www.journalofdst.org

Activation of Polymorphonuclear Leukocytes by Candidate Biomaterials for an Implantable Glucose Sensor

research protocol. The rest of the blood was incubated
for 60 min, before the incubation was stopped by adding
ethylenediaminetetraacetic acid to a final concentration
of 20 mM. The samples were immediately transferred
on ice and then centrifuged at 1400g for 15 min at 4 °C.
The collected plasma was then centrifuged a second time
at 1400g for 15 min at 4 °C, and the plasma was finally
aliquoted and frozen at -70 °C. Whole blood incubated in
empty polystyrene wells was used as the negative control.

Complement Inhibition
Materials that triggered an increased level of CD11b
expression and MPO production were selected for
further experiments using complement inhibitors.
Compstatin analog Ac-I[CV(1MeW)QDWGAHRC]T, which
binds to and inhibits cleavage of C3, and a control peptide
were produced as described.28 These were used in the
experiments to a final concentration of: 25, 12.5, 6.25, and
3.125 mM. Eculizumab, (Soliris®, Alexion Pharmaceuticals,
Cheshire, CT), a monoclonal antibody that specifically
binds to the complement protein C5, was used in
final concentrations of: 50, 25, 12.5, and 6.25 µg/ml.
Whole blood was preincubated with these complement
inhibitors for 5 min before the candidate materials were
placed in the wells.

Sokolov

Statistics
Results from the CD11b and MPO experiments were
statistically compared by one-way analysis of variance
(ANOVA) between groups with Bonferroni post-test
analysis. Data from the experiments with complement
inhibitors were compared by one-way ANOVA in order
to analyze the dose-dependent decrease of activation.
All statistical data were collected and calculated with
GraphPad Prism version 5.01 (GraphPad Software,
San Diego CA). A p value <0.05 was considered as
statistically significant.

Results
Activation of PMN

Expression of CD11b
The expression level of CD11b on the surface of PMN was
measured with flow cytometry (Figure 2). The expression
level of CD11b after incubation with three of the
membrane candidates (CM, PAR, PATF) was significantly
higher compared to the negative control (MFI 431, 511,
and 462 vs MFI 240, p < 0.05). Material candidates used
for the encapsulation, carrier, sealing, and the remaining
four membrane candidates did not induce an expression
of CD11b compared to the negative control.

CD11b Expression
The CD11b expression on PMN was determined by
flow cytometry. Blood was withdrawn from the wells
containing the material candidate after a 20 min incubation
period, prior to fixation using a 0.5% paraformaldehyde
solution for 4 min at 37 °C. The cells were then stained for
15 min with anti-CD11b-PE antibodies (cat. no. 333142) or
an isotype control IgG2a-PE antibodies (cat. no 349053),
both obtained from Becton, Dickinson and Company
(Franklin Lakes, NJ). Red blood cells were lyzed in
accordance to protocol, washed twice, and cells were
then resuspended in PBS containing 0.1% albumin and
placed on ice in the dark until data acquisition was
performed by the flow cytometer (FACScan, Becton,
Dickinson and Company, Franklin Lakes, NJ). The PMNs
were gated in a forward-scatter/side-scatter dotplot,
and mean fluorescence intensity (MFI) values for CD11b
were calculated.

Myeloperoxidase
Myeloperoxidase concentration in plasma was measured
with a commercial enzyme-linked immunosorbent assay kit
(cat. no HK324, Hycult Biotech, Uden, The Netherlands)
in accordance to the manufacturer’s instructions.
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Figure 2. Expression of CD11b on PMN surface. The expression level
of CD11b on PMN is shown with bars representing mean values with
95% confidence interval (n = 12). *p < 0.05 compared with the negative
control. Neg.C, negative control.

Myeloperoxidase Release
Similar to CD11b, the concentration of MPO (Figure 3)
in plasma after incubation with three of the membrane
candidates (CM, PAR, PATF) was significantly higher
than the negative control (500, 421, and 268.3 µg/ml
vs 83.7 µg/ml, p < 0.05). Material candidates used for
the encapsulation, carrier, sealing, and the remaining
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four membrane candidates did not induce MPO release
compared to the negative control.

Effect of Complement Inhibition on the
Polymorphonuclear Leukocyte Activation

The effect of complement inhibition on the activation of
PMN was evaluated by measuring the CD11b expression
and the MPO concentration in lepirudin-anticoagulated
whole blood incubated with materials after addition of
compstatin and eculizumab. Based on the results from
previous experiments examining CD11b expression on PMN
and MPO concentration, the three membrane candidates
that activated PMN were chosen to investigate the effect of
complement inhibition.

Figure 3. MPO concentration in plasma. The concentration of MPO
in plasma after incubation with the 15 candidate materials. The bars
represent mean values with 95% confidence interval (n = 8). *p < 0.05
compared with the negative control. Neg.C, negative control.

CD11b Expression in Whole Blood with Complement
Inhibitors
Complement inhibition by the C3-inhibitior compstatin
led to a significant and dose-dependent decrease in the
level of CD11b expression induced by all three materials
(Figure 4). Maximum effect was obtained at 25 mM
compstatin, where the expression of CD11b was reduced
to the negative control value for all three materials.
Similarly, complement inhibition by the C5-inhibitor
eculizumab significantly decreased the CD11b expression
on PMN and dose dependently (Figure 4). The maximum
was obtained at 50 µg/ml eculizumab, where the
expression of CD11b was reduced to the negative control
value for all three materials.
Unspecific binding of antibodies to the surface of PMN was
measured in blood incubated with the isotype IgG2a control
antibody. No unspecific bind was observed (Figure 4).

Figure 4. Expression of CD11b on PMN in whole blood with and
without complement inhibitors. CD11b expression level for three
material candidates is shown for different concentrations of compstatin
and eculizumab. The bars represent standard error mean values
(n = 4). *p < 0.05 compared by ANOVA for identifying the significance
of the dose-dependent decrease. Neg.C, negative control; IgG2a,
isotype control antibody

MPO Concentration in Whole Blood with Complement
Inhibitors
Complement inhibition by compstatin led to a significant
and dose-dependent decrease in the level of MPO
secretion induced by all three materials (Figure 5).
Maximum effect was obtained at 25 mM compstatin,
where MPO concentrations for two of the three materials
were reduced to negative control values.
Complement inhibition by eculizumab led to a dosedependent decrease in the level of MPO secretion induced
by all three materials (Figure 5). Maximum effect
was obtained at 50 µg/ml eculizumab, where MPO
concentrations for two of the materials were reduced to
negative control values (Figure 5).

J Diabetes Sci Technol Vol 5, Issue 6, November 2011

Discussion
This study documented a substantial variation in the PMNactivating properties of different candidate biomaterials
intended for use in an implantable glucose sensor.
Assays used in this study were selected on the basis of
international standard ISO 10993-4, which recommends
the use of both complement assays and flow cytometry
to detect increased leukocyte markers such as CD11b as
a testing method to evaluate implantable devices.29
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The 12 material candidates that did not show any
significant increase in the CD11b expression and the MPO
release were considered as biocompatible, and hence
deemed possible candidates for use in other in vivo
studies. The glucose-sensitive solution enclosed in the
sensor chamber (concanavalin A and dextran) was not
investigated in this study. Although concanavalin A
is reported to exhibit a toxic response, the amount
present in tiny biosensor implants is so small that in
the case of membrane rupture this would not possess
any overall toxic effect for the organism.30 Further, the
liquid properties of the affinity assay will permit it
to dilute away from the sensor implant in contrast to
the remaining sensor materials that may persist in
generating a potential inflammatory response.
Three membrane candidates (CM, PAR, PATF) caused
a virtually identical pattern of increase in the CD11b
expression and the MPO release from the PMN.
The results obtained for the cellulose membrane in our
study are well correlated with literature. Although cellulose
is a well-known material that has been used in dialysis
membranes, the literature has suggested that this
material is not biocompatible.31–33 Different polyamide
membranes have been widely used in implantable devices,
but the reported studies concerning the biocompatibility
of this material is controversial. Some clinical and in vitro
studies (cell cultures) show a good biocompatibility of
polyamide,34–36 whereas other studies have claimed this
material to be only moderately biocompatible.37 Our studies
showed that the polyamide membranes (PAR and PATF)
activated PMN. These discrepancies can be explained by
the different assays used to examine biocompatibility as
well as the different types of polyamide used.
Since a study demonstrated that the same three membrane
materials did activate complement through the alternative
pathway,24 we hypothesized that the current activation of
PMN was also mediated by complement. Consequently,
by blocking complement activation with either the C3
inhibitor compstatin or the C5 inhibitor eculizumab
before incubation of the materials in whole blood, a
significant decreased CD11b expression and release of
MPO by PMN was found. The results were virtually
identical for the two inhibitors, indicating that the
effects were mediated by C5 activation, since compstatin
blocks C3 and subsequent C5 activation, whereas
eculizumab is highly specific for C5. This is consistent
with the well-known effect of C5a on PMN activation.27
This finding underscores the role of the complement
system as a primary inducer for leukocyte activation,
since the latter was markedly attenuated by inhibition
J Diabetes Sci Technol Vol 5, Issue 6, November 2011
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Figure 5. MPO concentration in plasma after incubation of the
materials in whole blood with and without complement inhibitors. The
concentration of MPO in plasma is shown for different concentrations
of compstatin and eculizumab. The bars represent standard error
mean values (n = 4). *p < 0.05 compared by ANOVA for identifying the
significance of the dose-dependent decrease. Neg.C, negative control.

of complement, irrespective of the material in question.
This novel approach in biocompatibility testing does not
only correlate the activation of different systems but also
shows the causal relationship between them.
The role of complement as a primary inducer of the
expression of CD11b was confirmed, since complement
inhibition completely abolished the CD11b expression
for all the three materials. However, a complete MPO
inhibition was obtained for only two of these (PATF and
CM). Since some MPO release still occurred for PAR
despite an optimal inhibition of complement, a direct
activation of the PMN by the surface of the material25
or by activated platelets21 might also contribute to
PMN degranulation. The membrane materials that were
examined have various pore sizes, as indicated by their
molecular weight cut-off (MWCO), from zero for PAR and
PATF to 5000 Da for CM). The comparable magnitude
of PMN activation triggered by these three materials
suggests that the chemical structure and the degree of
protein absorption on the surface of the materials may
have a major contribution to their potential to activate
complement and PMN.38
Collectively, however, the present data indicate that
complement activation is the main inducer of PMN
activation by the biomaterials investigated in this study.
The abolished PMN activation for CM and PATF by
complement inhibition shows the insignificant role of
direct surface activation of the PMNs for these two
www.journalofdst.org
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tested material candidates. Irrespective of the mechanism
leading to complement activation by these surfaces, a main
goal to improve biocompatibility would be to reduce
the primary complement activation in order to avoid
the secondary activation of PMN.

Conclusion
Examination of 15 material candidates for an implantable
microfabricated glucose sensor identified 3 out of 7
membrane candidates as potent complement-dependent
PMN activators that make them undesirable candidates
for use in an implantable device. The remaining materials
that were examined were rendered biocompatible in
terms of PMN activation and suggested to be good
candidates for use in an implantable glucose sensor.
The results underscore the important role of complement
in mediating immune system-triggered responses to a
foreign material and should be included as an essential
component in the future portfolio of immune system
markers when studying the mechanisms involved in
the biocompatible nature of a material. Because the
possibility cannot be excluded that materials that do not
activate complement and PMNs in vitro might turn out to
be incompatible in vivo, future studies will seek to correlate
the results from in vitro assays with in vivo studies.

Sokolov

References:
1. International Diabetes Federation. Prevalence estimates of diabetes
mellitus, 2010. Available from: http://www.diabetesatlas.org/content/
prevalence-estimates-diabetes-mellitus-dm-2010. Accessed April 12, 2011.
2. Aussedat B, Dupire-Angel M, Gifford R, Klein JC, Wilson GS,
Reach G. Interstitial glucose concentration and glycemia:
implications for continuous subcutaneous glucose monitoring. Am
J Physiol Endocrinol Metab. 2000;278(4):E716–28.
3. Williams DF. The Williams Dictionary of Biomaterials. Liverpool:
Liverpool University Press; 1999.
4. Shaldon S, Dinarello CA. The relationship between biocompatibility
and interleukin-1. Life Support Syst. 1987;5(4):341–5.
5. Mollnes TE. Biocompatibility: Complement as mediator of tissue
damage and as indicator of incompatibility. Exp Clin Immunogenet.
1997;14(1):24–9.
6. Mollnes TE. Complement
1998;74(2):303–7.

and

biocompatibility.

Vox

Sang.

7. Nilsson B, Ekdahl KN, Mollnes TE, Lambris JD. The role of
complement in biomaterial-induced inflammation. Mol Immunol.
2007;44(1–3):82–94.
8. Walport MJ. Complement. Second of two parts. N Engl J Med.
2001;344(15):1140–4.
9. Harboe M, Mollnes TE. The alternative complement pathway
revisited. J Cell Mol Med. 2008;12(4):1074–84.
10. Garg SK, Smith J, Beatson C, Lopez-Baca B, Voelmle M,
Gottlieb PA. Comparison of accuracy and safety of the SEVEN and
the Navigator continuous glucose monitoring systems. Diabetes
Technol Ther. 2009;11(2):65–72.
11. Johannessen E,
Krushinitskaya O,
Sokolov A,
Philipp H,
Hoogerwerf A, Hinderling C, Kautio K, Lenkkeri J, Strömmer E,
Kondratyev V, Tønnessen TI, Mollnes TE, Jakobsen H, Zimmer E,
Akselsen B. Toward an injectable continuous osmotic glucose
sensor. J Diabetes SciTechnol. 2010;4(4):882–92.
12. Klueh U, Kaur M, Qiao Y, Kreutzer DL. Critical role of tissue
mast cells in controlling long-term glucose sensor function in vivo.
Biomaterials. 2010;31(16):4540–51.
13. Klueh U, Liu Z, Feldman B, Kreutzer D. Importance of interleukin-1
and interleukin-1 receptor antagonist in short-term glucose sensor
function in vivo. J Diabetes Sci Technol. 2010;4(5):1073–86.
14. Kvist PH, Iburg T, Bielecki M, Gerstenberg M, Buch-Rasmussen T,
Hasselager E, Jensen HE. Biocompatibility of electrochemical glucose
sensors implanted in the subcutis of pigs. Diabetes Technol Ther.
2006;8(4):463–75.
15. Kvist PH, Iburg T, Dawson HD, Jensen HE. Effect of subcutaneous
glucose sensor implantation on skin mRNA expression in pigs.
Diabetes TechnolTher. 2010;12(10):791–9.

Funding:
Lifecare AS, through their BIA research grant no. 174392, awarded by
the Research Council of Norway. The study was also supported by
National Institutes of Health Grants AI068730 and GM062134.
Acknowledgements:
The authors are indebted to technical staff and colleagues at the
Complement Research Group, Institute of Immunology, Rikshospitalet,
and Vestfold University College.
Disclosures:
Erik Johannessen is a former project manager employed by Lifecare.
Dr. Johannessen is the inventor of a patent held by Lifecare (WO
2009025563).

J Diabetes Sci Technol Vol 5, Issue 6, November 2011

1497

16. Koschwanez HE, Reichert WM. In vitro, in vivo and post
explantation testing of glucose-detecting biosensors: Current methods
and recommendations. Biomaterials. 2007;28(25):3687–703.
17. Anderson JM. Mechanisms of inflammation and infection with
implanted devices. Cardiovasc Pathol. 1993;2(3):33–41.
18. Nathan C. Neutrophils and immunity: challenges and opportunities.
Nat Rev Immunol. 2006;6(3):173–82.
19 Dahlgren C, Karlsson A. Respiratory burst in human neutrophils.
J Immunol Methods. 1999;232(1–2):3–14.
20. Borawski, J. Myeloperoxidase as a marker of hemodialysis
biocompatibility and oxidative stress: the underestimated modifying
effects of heparin. Am J Kidney Dis. 2006;47(1):37–41.
21. Asberg AE, Videm V. Activation of neutrophil granulocytes in
an in vitro model of a cardiopulmonary bypass. Artif Organs.
2005;29(12):927–36.

www.journalofdst.org

Activation of Polymorphonuclear Leukocytes by Candidate Biomaterials for an Implantable Glucose Sensor

Sokolov

22. Bergseth G, Lambris JD, Mollnes TE, Lappegård KT. Artificial
surface-induced inflammation relies on complement factor 5: proof
from a deficient person. Ann Thorac Surg. 2011;91(2):527–33.
23. Lappegård KT, Christiansen D, Pharo A, Thorgersen EB, Hellerud BC,
Lindstad J, Nielsen EW, Bergseth G, Fadnes D, Abrahamsen TG,
Høiby EA, Schejbel L, Garred P, Lambris JD, Harboe M, Mollnes TE.
Human genetic deficiencies reveal the roles of complement in the
inflammatory network: lessons from nature. Proc Natl Acad Sci
U.S.A. 2009;106(37):15861–6.
24. Sokolov A, Hellerud BC, Pharo A, Johannessen EA, Mollnes TE.
Complement activation by candidate biomaterials of an implantable
microfabricated medical device. J Biomed Mater Res B Appl Biomater.
2011;98B(2):323–9.
25. Gorbet MB, Yeo EL, Sefton MV. Flow cytometric study of
in vitro neutrophil activation by biomaterials. J Biomed Mater Res.
1999;44(3):289–97.
26 Ballerstädt R, Ehwald R. Suitability of aqueous dispersions of
dextran and Concanavalin A for glucose sensing in different
variants of the affinity sensor. Biosens Bioelectron. 1994;9(8):557–67.
27. Mollnes TE, Brekke OL, Fung M, Fure H, Christiansen D,
Bergseth G, Videm V, Lappegård KT, Köhl J, Lambris JD. Essential
role of the C5a receptor in E coli-induced oxidative burst and
phagocytosis revealed by a novel lepirudin-based human whole
blood model of inflammation. Blood. 2002;100(5):1869–77.
28. Katragadda M, Magotti P, Sfyroera G, Lambris JD. Hydrophobic
effect and hydrogen bonds account for the improved activity of
a complement inhibitor, compstatin. J Med Chem. 2006;49(15):4616–22.
29. ISO 10993-4:2002. Biological evaluation of medical devices. Part 4:
selection of tests for interactions with blood. http://www.iso.org/iso/
iso_catalogue/catalogue_tc/catalogue_detail.htm?csnumber=32086.
30. Ballerstädt R, Evans C, McNichols R, Gowda A. Concanavalin A for
in vivo glucose sensing: a biotoxicity review. Biosens Bioelectron.
2006;22(2):275–84.
31. Goldman M, Lietaer N, Lambert P, Thayse C, Vanherweghem JL.
Complement activation and leucopenia on cellulosic haemodialyzers:
influence of the membrane area and role of hydroxyl moieties. Life
Support Syst. 1987;5(4):317–22.
32. Woffindin C, Hoenich NA. Blood-membrane interactions during
haemodialysis with cellulose and synthetic membranes. Biomaterials.
1988;9(1):53–7.
33. Paul D, Malsch G, Bossin E, Wiese F, Thomaneck U, Brown GS,
Werner H, Falkenhagen D. Chemical modification of cellulosic
membranes and their blood compatibility. Artif Organs.
1990;14(2):122–5.
34. Von Herrath D, Hüfler M, Hartenstein-Koch K, Kutschera D,
Schaefer K, Dati F. Good biocompatibility of the polyamide hemofilter.
Blood Purif. 1988;6(2):106–10.
35. Panichi V, Bianchi AM, Andreini B, Casarosa L, Migliori M,
De Pietro S, Taccola D, Giovannini L, Palla R. Biocompatibility
evaluation of polyamide hemofiltration. Int J Artif Organs.
1998;21(7):408–13.
36. Risbud MV, Bhonde RR. Polyamide 6 composite membranes:
properties and in vitro biocompatibility evaluation. J Biomater Sci
Polym Ed. 2001;12(1):125–36.
37. Guth HJ, Gruska S, Kraatz G. The measurement of cytokine
production capacity during dialysis—a new dynamic method
for the evaluation of biocompatibility? Int J Artif Organs.
2000;23(10):675–9.
38. Janatova J, Cheung AK, Parker CJ. Biomedical polymers differ
in their capacity to activate complement. Complement Inflamm.
1991;8(2):61–9.

J Diabetes Sci Technol Vol 5, Issue 6, November 2011

1498

www.journalofdst.org

