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Abstract

Background—The aim of this study was to create polymeric materials with known properties in
order to study the preconditions for complement activation.

Methods—Initially, 22 polymers were screened for complement activating capacity. Based on
these results six polymers (P1-P6) were characterized regarding physico-chemical parameters
e.g.. composition; surface area; pore size; and protein adsorption from human EDTA-plasma.

Results—P2, P4 and reference particles of polystyrene and polyvinyl chloride, were
hydrophobic, bound low levels of protein and were poor complement activators. Their accessible
surface was limited to protein adsorption in that they had pore diameters smaller than most plasma
proteins. P1 and P3 were negatively charged and adsorbed IgG and C1q. A ten-fold difference in
complement activation was attributed to the fact that P3 but not P1 bound high amounts of C1-
inhibitor. The hydrophobic P5 and P6 were low complement activators. They selectively bound
apolipoproteins Al and AlV (and vitronectin), which probably limited the binding of complement
activators to the surface.

Conclusion—We demonstrate the usefulness of the modus gperandito employ a high-
throughput procedure to synthesize a great number of novel substances, assay their physico-
chemical properties with the aim to study the relationship between the initial protein coat on a
surface and subsequent biological events. Data obtained from the six polymers characterized here,
suggest that a complement-resistant surface should be hydrophobic, uncharged, and have a small
available surface, accomplished by nanostructured topography. Additional attenuation of
complement can be achieved by selective enrichment of inert proteins and inhibitors.

iCorrespondence should be addressed to: kristina.nilsson-ekdahl@Inu.se Tel: +-46-480-446269.
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INTRODUCTION

Modern medicine uses a range of biomaterials e.g. in implants, biosensors, and scaffolds,
with or without drug release etc, and there is consequently an increasing need for new,
biocompatible materials. Medical science has reached the stage when most materials can be
used clinically, albeit in combination with systemic anticoagulants (heparin, warfarin,
platelet receptor inhibitors etc). Thus, primary activation of platelets and coagulation is not
the main problem. By contrast, inflammation, e.g., during hemodialysis where complement
is alimental in initiating adverse reactions remains one of the major problems. For instance,
inflammation is likely a major cause of arthrosclerosis development frequently seen in this
treatment. Generation of C5a has been demonstrated to contribute to hemodialysis-
associated thrombosis by inducing tissue factor (a key initiator of coagualtion /n vivo) and
cytokines in peripheral blood neutrophils 1. Using clinically relevant models for
hemodialysis it was demonstrated that inhibition of complement at the level of C3 efficiently
reduced the production of tissue factor and cytokines by neutrophils . This is but one of
many recently identified mechanisms for crosstalk between the different cascade systems
and cellular elements of the blood 2.

Most biomaterials come into contact with blood, either transiently during implantation or
permanently. When an artificial surface is exposed to blood, plasma proteins adsorb and
form a monolayer on the surface of the material within seconds. The composition of the
adsorbed protein layer, as well as the conformation of the proteins, are unique for each
biomaterial and is determined by the chemical properties of the surface of that material 3, 4.
Proteins which are known to undergo a surface-induced change in conformation are
complement component C3 4 and 1gG 2, both of which can induce an activation of the
complement system on the biomaterial surface and on top of the adsorbed protein layer,
ultimately leading to recruitment, activation and binding of leukocytes to the surface 5-8.
Other examples are adsorbed Factor X119 and fibrinogen 10, which have been shown to
cause contact activation of the coagulation system and activation of platelets, respectively.
Reactions at all these stages contribute to the compatibility of a material 6, 11,

In several reports the composition of the protein layer, either on modified model surfaces 12,
13y or authentical biomaterials, e.g., from membranes after hemodialysis or ex vivo
perfusion 14, 15 have been investigated but the study protocols and results have differed
considerably, which makes it difficult to correlate the structure of a given material with a
biological outcome. Historically, such studies have preferentially employed techniques,
which reflect the topography of the protein layer, which includes studies using antibodies
detected by immunochemical or optical techniques °, 12, 13, In more recent studies, the total
amount of bound proteins have been desorbed and analyzed by SDS-PAGE followed by
identification by Western blotting and/or mass spectrometry 1°-17. The reason for variations
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in the results may be due to that the topography of the protein layer differs from that of the
total layer (desorption) and perhaps even more importantly the source of plasma proteins.

Plasma proteins have been provided either in purified form or as serum or plasma (diluted or
undiluted), or as whole blood anticoagulated with heparin, citrate, hirudin or EDTA, or
without any added anticoagulantia (4, °, 7, 9, 10, 12_17) This makes the results widely
dispersed due to the fact that the cascade systems are active or inhibited dependent on the
additive or the source of plasma protein. In the present paper we wanted to focus on the
initial protein adsorption, which determines the outcome of the material-blood interaction.
For that reason we have selected to use EDTA in the protein adsorptions studies, since it
totally inhibits both complement and coagulation activation and leaves most plasma proteins
in a state similar to when they initially contacted the material surface.

The objective of this study was to synthesize polymers with different physico-chemical
properties in order to study the impact on protein adsorption, to be used as a model system
with the primary aim to understand which proteins that are adsorbed on a hemocompatible
surface, and secondly to implement this knowledge to construct tomorrows biomaterials
with improved hemocompatibility compared to those used in the clinic today.

The aim is that the novel polymers described here ultimately should interact with biological
tissue, including blood, e.g., in the form of nanoparticles or immune columns with clearance
functions, as drug release modalities, or as injectable polymers 1820, Therefore, we only
used monomers and crosslinkers, commonly used in polymer synthesis, that were soluble in
water or ethanol in order to minimize future toxic effects and to allow better polymerization
in contact with tissues. We synthesized an array of 22 polymers by copolymerization of
monomers and crosslinkers (selected to provide a range of functionalities: acidic, basic,
neutral, hydrophobic) since this approach enables synthesis of a large number of polymers
with great variability regarding physico-chemical properties in a comparatively easy and
rapid way.

Complement activation is a clinically relevant biological property and one of the parameters
included in the criteria for testing of the hemocompatibility of biomaterials defined in ISO
10993-4 21, The polymers were therefore screened for activation of the complement system
using plasma, with the specific thrombin inhibitor hirudin, which leaves complement
function intact 22, 23, and six polymers with heterogenous composition and complement
activation properties were chosen for further characterization.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents

Diacryloylpiperazine (DAP, >99%) and 2-hydroxyethyl methacrylate (HEMA, >99%) were
obtained from Fluka. Divinylbenzene (DVB, 80%), ethylene glycol dimethacrylate
(EGDMA, 98%), N-isopropyl acrylamide (IPAAmM, 97%), methacrylic acid (MAA, 99%),
styrene (99%), ammonium persulfate (APS, 98%) and N,N,N,’ N/-tetramethylene diamine
(TEMED, 99%) were obtained from Sigma-Aldrich (St Louis, MO, USA). Soda glass was
purchased from Kebo, polystyrene flakes (PS) were obtained from Alfa Aesar, and
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polyvinyl chloride (PVC < 75 um) from Polysciences. Ethanol (99.7%) was obtained from
Solveco. 2,2’-azobisisobutyronitrile (AIBN, 98%) was obtained from Janssen Chimica and
was recrystallized from methanol before use. EGDMA and DVB were purified by extraction
with 0.1 M NaOH, dried over MgSOy, filtered, and passed through activated Al,Og prior to
use. MAA was purified by vacuum distillation, and styrene was passed through activated
Al,Og3 prior to use.

Polyclonal antibodies recognizing the following human proteins were obtained from Dako
(Glostrup, Denmark): a-2-macroglobulin, C1q, fibrinogen, C3 (C3c), C4 (C4c), C5, IgG,
haptoglobulin, transferrin, human serum albumin (HSA), antithrombin, hemopexin, and
apolipoprotein Al (ApoAl). Polyclonal antibodies recognizing human C1-inhibitor (C1-
INH), factor H, factor I, vitronectin, C4b-binding protein (C4BP), and factor XII were
purchased from The Binding Site (Birmingham, UK), and anti-human apolipoprotein AlV
(ApoAlV) was obtained from Abcam (Cambridge, UK).

Synthesis of polymer particles

In a typical polymer synthesis, functional monomer and crosslinker were dissolved in the
porogen by sonication. Solutions were then purged with N, for 2 min before the addition of
initiator. Polymerization was carried out in a 55°C water bath for up to 24 h to achieve
complete polymerization. The obtained polymer monoliths were ground and sieved through
a 63-um-mesh sieve, followed by sedimentation from acetone (75 mL, 3 x 20 min) to
remove any fine particles. The resulting polymers were sieved a second time (25 pm), and
the fraction containing the 25- to 63-um particles was collected, air-dried overnight and
stored at room temperature until use.

Endotoxin determination

Blood

The polymer particles were tested for the presence of endotoxins using an Enodafe PTS
Portable Test System with Limulus Amebocyte Lysate (LAL) Test Cartridge (Charles River
Laboratories, Charleston, SC, USA).

Pools of human serum, hirudin-plasma and EDTA-plasma were prepared from blood drawn
from six healthy donors into Vacutainer™ tubes (Becton, Dickinson and Co., Plymouth,
UK). To prepare the serum pool, the blood was allowed to clot at room temperature for 45
min in Vacutainer™ glass tubes without additives. The hirudin-plasma pool was prepared by
manual addition of the recombinant form of the thrombin inhibitor hirudin, lepirudin
(Refludan™, Aventis Pharma, final concentration 50 pg/mL), via a fine syringe into a
Vacutainer™ glass tube without other additives; pre-filled EDTA plastic tubes were used to
collect the EDTA-plasma pool. The supernatants were collected and pooled after
centrifugation at 3450 x g for 25 min at 20°C. The pools were stored at —80°C prior to use.
This study was performed with the consent of the Ethical Committee of the University
Hospital of Link6ping, Sweden.

J Biomed Mater Res A. Author manuscript; available in PMC 2012 August 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Engberg et al.

Page 5

Complement-activating ability of the polymers

C3a ELISA

In order to decide on polymers to study in greater detail, the complement-activating
properties of the synthesized materials were analyzed and used as a selection tool (as a
supplement to the composition data). A 5-mg sample of each polymer was incubated with
hirudin-plasma (which contains an active complement system, and has been shown to be
suitable for Jn vitro complement activation experiments 22, 23) in heparinized 2-mL
Eppendorf tubes at 37°C for 30 min with rotation. After incubation, the samples were
centrifuged in a tabletop centrifuge, the plasma was collected, and EDTA was added (final
concentration 10 mM, to avoid any further activation of the complement system). The
remaining polymer particles were treated with 2% SDS (in PBS) for 20 min at 37°C in order
to elute any adsorbed C3a molecules. The particles were then centrifuged, and the eluates
were collected. The samples were stored at —80°C prior to C3a analysis. As a control, an
aliquot of plasma was incubated in the same manner as described above, but without the
addition of polymer.

Generation of the anaphylatoxin C3a was used as an indicator of complement activation
caused by the polymers. The levels of C3a were measured in both the plasma samples and
the eluates by sandwich ELISA, using mAb 4SD17.3, which is specific for a neo-epitope
which is expressed in C3a and hydrolyzed C3 (C3H,0) but not in native, unactivated C3, as
the capture antibody and biotinylated anti-human C3a, together with HRP-conjugated
streptavidin (GE Healthcare, Uppsala, Sweden), for detection. Staining was performed with
o-phenylendiamine dihydrochloride (OPD, 0.25 mg/mL, Sigma) dissolved in citrate—
phosphate buffer (0.1 M, pH 5) containing H,O, (0.5 pL/mL buffer). The absorbance was
measured at 490 nm. Zymosan-activated serum calibrated against a solution of purified C3a
was used as a standard; values are given in ng/mL, and pooled zymosan-activated serum
from blood donors was diluted 1:500 and used as a control 24,

Selection of polymers

Six polymers were selected for further detailed examination. These six materials varied in
terms of their composition, complement-activating ability, and C3a adsorption capacity. The
selected polymers, all of which had a crosslinker-to-monomer ratio of 80:20, were
designated P1 (MAA/DAP), P2 (MAA/DVB), P3 (MAA/EGDMA), P4 (IPAAM/EGDMA),
P5 (Styrene/EGDMA), and P6 (HEMA/EGDMA). These six polymers were also
synthesized at crosslinker:monomer ratios of 60:40 and 90:10 to investigate whether the
crosslinking ratio affected the complement activation induced by the polymer. Reference
materials of the same size range were prepared as described above from commercially
obtained PS, PVC, and glass beads.

Physical characterization of the polymer particles

Scanning electron microscope (SEM) micrographs of the polymers (P1-P6, PS, PVC and
glass) were prepared using a high vacuum SEM (JSM 840, JEOL) at 10 kV. BET surface
area analysis was performed by N, adsorption on a Micromeritics ASAP 2400 instrument.
Elemental analyses (C, H) were performed by Mikrokemi AB (Uppsala, Sweden). FT-IR
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spectra were recorded using polymer samples dispersed in KBr on a Nicolet Avatar 320 FT-
IR instrument by diffuse reflectance IR spectroscopy.

Incubation of polymer particles prior to protein analyses

Polymer particles were incubated in plasma (4 mg/mL) containing 10 mM EDTA (which
inhibits both the complement and the coagulation system, and is therefore preferable for
protein adsorption studies) for 30 min at 37°C with continuous rotation. After the
incubation, the samples were centrifuged in a tabletop centrifuge, and the plasma was
discarded. The particles were carefully washed three times with PBS-Tween (PBS
containing 0.05% Tween 20) prior to the determination of the total amount protein, gel
electrophoresis, COPAS, and the particle ELISA experiments.

Quantification of the total protein adsorbed to the synthesized polymer particles

After incubation of the particles in EDTA-plasma, as described above, the adsorbed proteins
were eluted from the particles by the addition of 2% SDS (in PBS), followed by incubation
for 20 min at 37°C. The samples were centrifuged, and the eluates were collected. Protein
levels were measured both in the eluate fractions, as well as on the remaining particles in
order to detect any protein that might have been left behind as a result of incomplete elution.
Measurements were achieved with BCA Assay Kit according to the manufacturer’s
recommendations (detergent-compatible, Pierce, Rockford, IL, USA), with bovine serum
albumin as a standard. The absorbance at 560 nm was determined for the eluate fractions as
well as the supernatants from the assayed particle samples.

Visualization of adsorbed protein pattern by SDS-PAGE

Two milligrams of each particle were incubated in EDTA-plasma, hirudin-plasma, or serum
and washed with PBS-Tween as described above. 5X SDS-electrophoresis buffer (12 mM
Tris, 0.4% SDS, pH 6.8) was added to the particles, and the samples were heated to 99 °C
for 5 min. The particles were then loaded onto 10% SDS-PAGE gels, and after separation,
the proteins were stained with Coomassie brilliant blue (BDH Biochemical, England).

Identification of enriched proteins by western blot analysis

To identify proteins that showed clear enrichment on the SDS-PAGE gel (compared to the
levels in plasma) the adsorbed proteins from 0.5 mg particles were separated on SDS-PAGE
gels as described above. After separation the proteins were transferred to PVDF Immun-Blot
membranes (BioRad) and the membranes were blocked with 1% bovine serum albumin in
PBS-Tween, and developed using antibodies against a broad selection of plasma proteins for
identification. The selection of antibodies was primarily based on results from previously
performed experiments, where plasma proteins adsorbed to a PS surface were eluted,
separated by SDS-PAGE, and identified by peptide mass fingerprinting with the MALDI-
TOF technique. These identified proteins included HSA, C3, C4, a2-macroglobulin, 1gG,
Apolipoproteins (Apo) ApoAl and ApoAlV, transferrin, fibrinogen, and haptoglobulin. In
addition, we included antibodies against vitronectin and C1q in attempts to identify proteins
with molecular weights ~75 kDa and ~410 kDa, respectively. All antibodies were
biotinylated using biotin-amidocaproate A~hydroxysuccimide ester, and HRP-conjugated
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streptavidin was used for antibody detection, followed by staining with 3,3’-
diaminobenzidine tetrahydrochloride (Sigma, Steinheim, Germany) dissolved in PBS (1
mg/mL with 0.5 pL H,O,/mL).

COPAS analysis

Complex Object Parametric Analyzer and Sorter (COPAS) is a commercial available flow
cytometer-like instrument enabling fluorescence measurement of large particles and objects
(20-1,500 pm, Union Biometrica, Somerville, MA, USA). Prior to the flow cytometer
analysis, antibodies were FITC-labeled using a standard protocol. The polymer particles
were incubated in EDTA-plasma and washed with PBS-Tween as described above, then
labeled with one of the following FITC-labeled antibodies: anti-C3c, anti-C1q, anti-ApoAl,
or anti-vitronectin. As a negative control, a FITC-labeled rabbit 1gG fraction from non-
immunized animals was used. Unbound antibodies were removed by washing the particles
with PBS-Tween, and the samples were kept in the dark, on ice until COPAS-analysis.

A minimum of 1,500 particles were collected in each COPAS measurement. The flow
cytometer was equipped with a 488/514 multiline laser, and the acquired data were
processed with FCS Express Software (De Novo Software, CA, US) yielding histograms
and mean fluorescence intensity (MFI) values. Each experiment was performed four times,
and the negative control was subtracted from each value.

Quantification of individual proteins

To quantify the levels of specific plasma proteins that were adsorbed to the surface of each
polymer, an ELISA-like method was developed. After incubation with EDTA-plasma and
washing of the particles as described above, antibodies were added to the polymers, and the
samples were incubated in 2-mL Eppendorf® polypropylene tubes (Sarstedt, Numbrecht,
Germany). The antibodies (based on the MALDI and western blot experiments described
above and supplemented with some selected abundant plasma proteins) were recognizing the
complement components C3, C4, C5, C1q, including the regulators of complement
activations (RCAs) C1-inhibitor (C1-INH), factor H, factor I, vitronectin, and C4-binding
protein (C4BP); the coagulation proteins factor XII, antithrombin, and fibrinogen; the
lipoproteins apolipoprotein Al and AlV; the transport proteins HSA, haptoglobulin,
hemopexin, and transferrin; and 1gG and alpha-2-macroglobulin, respectively. As a negative
control, a purified 1gG fraction from a non-immunized rabbit was used. All antibodies were
biotinylated, and HRP-conjugated streptavidin was used for detection. Staining was
performed with OPD, the samples were centrifuged and the absorbance of the supernatants
was measured at 490 nm. Each experiment was performed in triplicate, and the negative
control was subtracted from each value.

Statistical analysis

All experiments were performed three to six separate times (as stated in the figure legends),
and the data are presented as mean values + SEM. Statistical significance was calculated
using Kruskal-Wallis test with Dunn’s post-hoc test. Significance was tested using a Pearson
correlation test.
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Selection of polymers

The polymeric materials (n=22) were first synthesized with crosslinker:monomer ratios of
80:20, then ground and sieved to yield polymer particles in the size range of 25-63 um.
When the complement-activating ability (indicated by the generation of C3a) of the
materials was investigated in hirudin-plasma, the results varied greatly, with values ranging
from close to background levels (~0 ng/mL) to dramatically high levels of C3a (>12,000
ng/mL) after subtraction of the control value. The polymers also exhibited variable
adsorption capacities for the generated C3a, ranging from 15 to 95% of the total C3a
measured in each sample (see Table 1). This complement-activation data, together with the
composition of the material, was used to select six polymers to be characterized in detail; P1
(MAA/DAP), P2 (MAA/DVB), P3 (MAA/EGDMA), P4 (IPAAM/EGDMA), P5 (Styrene/
EGDMA), and P6 (HEMA/EGDMA). (Table 2, Figure 1). The chosen polymers were
heterogeneous, being variable in terms of composition, complement-activating ability, and
C3a adsorption capacity. The polymer particles were characterized with regard to their
physical properties, e.g. pore size and surface area and the micro-topography of each
polymer surface was visualized by scanning electron microscopy (SEM). In addition, we
determined the total protein adsorption ability, and performed detailed mapping of the
adsorbed protein patterns on the polymers using a complex objects parametric sorter and
analyzer (COPAS), followed by a particle-ELISA. A flow chart describing the experimental
setup is shown in Figure 2.

The six polymers (P1-P6) were also synthesized with crosslinker:monomer ratios of 60:40
and 90:10 (in addition to 80:20, described above), and the levels of generated C3a were
analyzed after incubation in hirudin-plasma. No significant relationship between the C3a
levels and the crosslinker:monomer ratio was seen for polymers P2—P6 (data not shown).
However, polymer P1 (DAP/MAA) displayed a dose-dependent correlation between the
increasing generation of C3a and increasing amounts of the crosslinker DAP (Figure 3,
p<0.01). Further studies were performed with a crosslinker:monomer ratio of 80:20 for all
the polymers.

Endotoxin determination

The endotoxin content of all tested polymer particles were found to be below the detection
limit of the assay i.e., 0.01 EU/mL or 1 pg/mL. The value for the negative control was also
<0.01 EU/mL and the value for the positive control included in the kit was 0.12 EU/mL.

Physical and chemical properties of polymer particles

The SEM micrographs (magnification x7500) show large differences of the polymer
morphologies, as observed in the um-range. P1, P3 and P6 were found to have rough
surfaces, while the surfaces of P2, PS and glass were shown to be much smoother. P4 and
P5 exhibit an intermediate roughness (Figure 4). BET analysis of the polymers revealed
large differences in their gas-accessible surface areas, with values ranging from 6.1 m2/g for
glass to 188 m2/g for P1. The average pore diameter also varied greatly, from 28 A for P2 to
134 A for P1 (and >500 A for glass; Table 3). FT-IR analyses showed peaks (O-H, C-H,
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C=0, C-0, C-N) characteristic of each polymer type (Table S1). Elemental analysis of the
synthesized polymers (C, H) corresponded well with the theoretical values of polymer
composition (Table S2).

Quantification of total protein adsorbed to the synthesized polymer particles

The total amount of protein adsorbed to the polymers was determined after incubation in
EDTA-plasma and elution with 2% SDS. Protein levels were measured in the eluted fraction
as well as on the polymers after the elution to allow us to detect any potential remaining
proteins that had not been completely eluted. The amount of protein bound per mg of
polymer was variable, from ~20 pg/mg polymer for P2, P4, and the control particles to
values as much as four times higher for P6; P6 bound the highest level of proteins and was
closely followed by P3. The effectiveness of the elution step was found to be polymer-
dependent, with incomplete elution occurring from the polymers that displayed the highest
total binding of protein. No detectable residual protein was seen in the case of the polymers
with a lower total protein binding (Figure 5). There was a strong correlation (p<0.02)
between the pore size and the level of protein binding of the polymers. In contrast, there was
no co-variation between the surface area and the pore size of the polymers under used
conditions.

SDS-PAGE and identification of enriched proteins by Western blot analysis

To visualize the plasma proteins adsorbed to 2-mg polymer particle samples, non-reducing
SDS-PAGE was stained with Coomassie brilliant blue (see Figure 6). The gel revealed great
differences in the properties of the polymers, both in terms of the total amount of protein
adsorbed as well as the composition of the adsorbed protein pattern. P1, P3, and P6 showed
a high adsorption capacity (consistent with the results above), with a pattern very different
from the plasma reference (hirudin plasma diluted 1/50). P1 had a high affinity for a high-
molecular weight protein, which was identified as the complement recognition molecule
Clqg (~410 kDa) by Western blot analysis. P5 and P6 displayed a similar binding pattern,
with a considerable enrichment of three proteins that were just faintly visible in plasma
reference lane. These proteins were identified as vitronectin (=75 kDa), apolipoprotein AIV
(~45 kDa), and apolipoprotein Al (=25 kDa). In contrast, HSA (migrating at ~55-60 kDa)
adsorbed in similar amounts to all surfaces. C3, C4, a2-macroglobulin, 1gG, transferrin,
fibrinogen, and haptoglobulin were detected on the particles and all proteins were further
quantified as described below. Similar macroscopic results were obtained after incubation in
EDTA-plasma as well as serum (data not shown).

COPAS analysis

COPAS analysis was used to determine the degree of adsorption of four selected proteins
(C1q, C3, vitronectin, and ApoAl). The results showed extensive differences in the amount
of surface-exposed protein on the various materials. C1q was confirmed to bind
preferentially to P1 and also P3. High levels of vitronectin were found on P1, P2, and P3,
intermediate levels on P5, while lower levels of surface exposed vitronectin were detected
on P4 and P6 together with the reference materials. Polymer P5 bound the highest levels of
ApoAl, while P1, P3, and P6 adsorbed the highest levels of C3 (See Figure 7, and compare
to Table 4).
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Quantification of individual proteins

An ELISA-like method was developed in order to detect a large number of plasma proteins
adsorbed to the polymers. Mapping of the individual plasma proteins on the surface of 1-mg
samples of each polymer was performed after incubation in EDTA-plasma. Antibodies
recognizing complement- and coagulation-associated proteins, including several RCAs, as
well as other abundant plasma proteins, were used to identify the adsorbed proteins. This
technique was less time-consuming than the COPAS analysis. The results were well
correlated (p<0.0001), despite the differences in quantifying the particles (by weight in the
particle ELISA and by counting events in the COPAS).

The results revealed widely heterogeneous binding of proteins to the various polymers. All
of the analyzed proteins were positively indentified on each of the polymers as well as on
the control particles. Both P1 and P3 were found to adsorb high levels of the complement
initiating molecules 1gG and C1g. Both polymers bound high and similar amounts of the
RCA factor H, while P1 bound much less of the two inhibitors CLINH and vitronectin
compared to P3.

The results also showed an enrichment of the two apolipoproteins (Al and AIV) on P6.
Polymer P3 bound the majority of the examined proteins to a high degree, while P2 and P4
showed a generally low level of protein binding. The results are presented as mean OD-
values/mg of polymer after subtraction of values for the negative control for each polymer
(see Table 4, compare to Figure 7).

DISCUSSION

In the present work we have synthesized an array (n=22) of polymers using combinations of
three cross-linkers and eight different monomers (selected to provide a range of
functionalities; acidic, basic, neutral, hydrophobic) in order to study how the initial
adsorption of plasma proteins influences the biological response. In this study we chose to
work with polymer particles rather than planar polymers surfaces because this approach: 1)
provides a higher surface/plasma ratio which enables identification of proteins binding in
low amounts; 2) enables the use of the flow cytometry based COPAS technique to visualize
protein binding on the polymer surfaces; 3) was the basis to develop the particle ELISA
(using Tween to minimize the nonspecific binding of proteins, including detecting
antibodies) which provides the basis for a higher throughput of analysis of the generated
polymers compared to what would be possible using planar surfaces. We found that there
was an apparent association between the physicochemical properties of the novel polymers,
the amount of adsorbed proteins and the composition of the initially formed protein
monolayer and how the polymers elicited complement activation.

The complement activation induced by the novel polymers in hirudin-anticoagulated plasma,
was shown to vary widely. In general, all polymers containing the hydrophilic crosslinker
DAP were found to activate the complement system to a high or very high degree, while the
polymers that contained either one of the hydrophobic crosslinkers DVB or EGDMA only
induced a low or moderate complement activation (in hirudin plasma where the complement
system is fully active). The complement activating data was used to select six polymers for
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further detailed studies with the goal to select as heterogeneous materials as possible, both
regarding material composition and complement activating ability. The monomer MAA is
commonly used in polymer syntheses and was therefore selected with all three crosslinkers
resulting in the negatively charged polymers P1-P3. P3—P6 consisted of the crosslinker
EGDMA, together with four monomers, giving rise to hydrophobic polymers that were
uncharged, with the exception of P3, which was hydrophobic and negatively charged.

The six polymers were further characterized with regard to deposition of the initial
monolayer of protein on the surfaces. These studies were performed without interference of
the cascade systems in EDTA-plasma, where both the complement and the coagulation
system were totally inactive. The unique protein adsorption fingerprints of each polymer that
were obtained after contact with plasma or serum were visualized with SDS gel
electrophoresis. These results are consistent with the results obtained from the quantification
of total adsorbed protein, with higher levels of proteins adsorbed onto P1, P3, P5 and P6 and
significantly lower levels onto P2 and P4, which resembled the reference polymers PS,

PVC, and glass.

The low complement activating properties of P2 and P4 and the control polymers is most
likely explained by the low protein adsorption. This is caused by the fact that the pore sizes
of P2 and P4 as well as PS and PVVC were three times smaller than those of the other
polymers (30-40A vs. >100A), based on the BET analysis data. Smaller pores limit the total
accessible surface area for the proteins by sterically hindering the binding of many proteins
of medium molecular size (50-100 kDa, such as HSA (69 kDa), with dimensions of
80x80x30A 25 or high molecular size (>100 kDa, such as 1gG (~150 kDa), with dimensions
of 100x140x45A 26, This notion was supported by the absence of correlation between the
surface area accessible to N, and the total amount of proteins adsorbed to the P1-P6. Others
have previously identified pore size to be of great importance for the adsorption of proteins
to a biomaterial 27, as well as for the biological response elicited by the material 28, 2%, The
pore size in the glass particles with an estimated diameter of >500A is by far larger than the
diameter of most plasma proteins and can be regarded as a change in topography and is not
to be expected to interfere with protein binding. The three reference particles, which had the
smallest surface area, all showed low protein binding.

It was found that polymer P1, which was the most potent complement activator, bound high
levels of the complement recognition protein C1q. C1q is a key protein in the activation of
the classical pathway of the complement cascade, recognizing and binding structures such as
antigen-bound IgG and IgM, as well as some viruses and gram-negative bacteria. The
plasma concentration of this large protein (=410 kDa) is 100-180 mg/L. C1q is one of the
most highly positive charged (cationic; pl ~ 9.3) proteins in human plasma 30 and it provides
multivalent attachment to the surface via its collagen-like arms. The enrichment of C1q on
P1 probably reflects a combination of the chemical nature of the polymer, its large pore size,
and the high level of 1gG bound to the particles. The high binding of C1q and the
gammaglobulin IgG might be explained by electrostatic interactions between the charged
proteins and the high density of electrons contributed by the amide functionality of the
crosslinker. In addition, P3, which has similar pore size, showed similar high binding of Clq
as P1 but the chemical basis for this is not clear. Our results indicate that the nitrogen-
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containing crosslinker DAP probably also played an important role, since all the DAP-
crosslinked polymers tested (six polymers in total) proved to be specifically enriched in Clq
to a high degree (data not shown). This explanation is also consistent with the dose-
dependent increase in generated C3a that was observed in the initial screenings, when the
ratio of crosslinker (DAP) to monomer was increased for polymer P1. Although both P1 and
P3 bound significant amounts of 1gG and C1q, there was a more than 10-fold difference in
complement activation between the polymers (12,600 ng/mL of C3a for P1 vs. 1,100 ng/mL
for P3). A plausible explanation for this difference may be found in their binding of RCAs:
the levels of factor H were slightly lower for P1, but the most pronounced discrepancy was
seen regarding C1INH where P1 bound approximately 1/3 of the amount compared to P3
(Table 4). It is therefore likely that the amount of C1INH and factor H associated with P3 is
sufficient to attenuate complement activation induced by this polymer while there are too
low amounts of RCAs on P1, resulting in massive complement activation.

P5 and P6, which were poor activators of complement, had similar and distinctive
adsorption patterns with a significant enrichment of vitronectin (75 kDa), ApoAlV (45 kDa),
and ApoAl (25 kDa) when analysed by SDS-PAGE. The binding of these proteins detected
by COPAS and particle ELISA was lower, most likely due to the fact that these techniques
are limited to measuring molecules exposed on the surface of the polymer, whereas the
electrophoresis-based data includes all proteins adsorbed onto and inside the porous
particles. Vitronectin is a multifunctional protein that has, among other roles, been shown to
act as a complement regulator that decreases cytolytic activity by interfering with the
membrane attack complex. Furthermore, the protein is known to bind to biomaterial surfaces
and to decrease the complement activation on polystyrene and on bacterial surfaces 3133,
Apolipoprotein Al is the major component in high-density lipoproteins (HDL) and can be
found both incorporated into HDL and in free form in plasma. Apolipoprotein AlV is an
acidic plasma glycoprotein which has low affinity for lipoproteins and is the most
hydrophilic of all the human apolipoproteins 34. Several groups have reported that
apolipoproteins are adsorbed to biomaterial surfaces in significant amounts, but the
biological importance of this binding is still unclear (17, 3%). P2, which induced negligible
complement activation in the initial screening, bound a higher amount of factor H and
vitronectin compared to P4 which induced moderate activation (2000 ng C3a/ml),
suggesting that the difference could be due to a more active down regulation on P2.
Alternatively, the lack of activation might be related to binding of aloumin and fibrinogen.
Of all the tested particles, P2 bound the highest proportion of albumin. In addition, the
protein bound to both P2 and P4 contained a high proportion of fibrinogen. When adsorbed
to surfaces, both albumin and fibrinogen can attenuate complement activation by failing to
provide binding sites for generated C3b. Consequently; lower amounts of alternative
pathway complexes are formed, attenuating the amplification of complement activation by
the alternative pathway /, at least at the initial stage of blood exposure.

In conclusion we have by using a model system consisting of newly synthesized polymers in
which we can change the charge, the wetability and the functionally available surface efc.,
defined some of the preconditions for complement activation on material surfaces in contact
with blood. 1) The material should not be negatively charged since this tends to lead to
deposition of 1gG and C1q and thus induce complement activation (P1 & P3). 2) It should
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preferentially be hydrophobic with the capacity to bind apolipoproteins, possibly in the form
of HDL (P5 & P6). 3) It should present a low available surface area, which is made possible
by the introduction of a nanostructure of pores that are small enough to exclude most plasma
proteins, (P2, P4, PS and PVC).

These results in part confirm earlier conclusions obtained using less defined systems (8 and
references therein). Future studies of these polymers in the form of planar surfaces will
possibly require additional surface analyses, to confirm that the surface properties of the
polymers does not significantly differ from the bulk compositions. The result demonstrates
that this polymer model is a powerful and comprehensive system to define the requirements
for the activation of innate immune and inflammatory systems in blood /n vitro and in the
future, in vivo. The overall aim for these approaches is to construct novel potential
biomaterials with hemocompatibility superior to those used in the clinic today.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure2.
Flow-chart of the experimental set-up in this project.
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Figure 3.
Generation of the complement activation fragment C3a after incubation of the polymer P1

(DAP/MAA, at three different crosslinker:monomer ratios) in hirudin-plasma. Adsorbed
C3a molecules were eluted from the polymers with 2% SDS. Decreasing amounts of the
crosslinker DAP resulted in less activation of the complement system. The results are
presented as % C3a generation compared to the crosslinker:monomer ratio 80:20, which
here corresponds to 100% for plasma and eluate, respectively. The results are shown as
mean values +SEM (n=4); the results for the ratios 90:10 and 60:40 were significantly
higher and lower, respectively, than the value for the 80:20 ratio (p<0.01).
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Figure4.
Scanning electron micrographs of the synthesized polymers P1-P6 and the reference

polymers PS, PVC and soda glass (bar = 7 um, magnification = x7500).
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Protein adsorbed to 1-mg polymer particles after a 30-min incubation in EDTA-plasma.
After incubation, the particles were carefully washed, and the proteins were eluted with 2%
SDS. The amount of protein in the eluate as well as the protein remaining on the particles
was measured to account for any incomplete elution. The results shown are means + SEM
(n=6).
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Figure®6.
Patterns of plasma proteins adsorbed onto 2 mg of polymer particles after a 30-min

incubation in hirudin-plasma. The gel shows, from the far left: molecular marker (M),
hirudin plasma (P) diluted 1/50; P1 through P6 are the synthesized polymers, followed by
the reference polymers PS, PVC, and glass. To identify the proteins that were enriched on
polymers P1, P5, and P6, Western blot analysis was used, and the results showed that P1 had
a high affinity for C1q (410 kDa, arrow 1), whereas P5 and P6 were enriched in
vitronectin (=75 kDa, arrow 2), apolipoprotein AlV (/45 kDa, arrow 3), and apolipoprotein
Al (~25 kDa, arrow 4) on their surfaces. In contrast, HSA (migrating at ~55-60 kDa) was
seen in similar amounts to all surfaces. Comparable results were obtained when the particles
were incubated in EDTA-plasma or serum (data not shown).

J Biomed Mater Res A. Author manuscript; available in PMC 2012 August 11.



1duosnuely Joyny vd-HIN

Engberg et al. Page 22

807 100
T o 80l
T and ~—~ 0OU1
560 8
= < 60-
=40' ©
= = 401
s
s 20 ﬁ = ’l‘
o.la.-_'.l:.;l."'.‘"'T".. c%-ljs%lllf‘*
LI R R YRR QB
& o “ 0
40- 30-
= 3
c 304 o
> J
ot <?—20
& 20 E
T < 10
= 104 T
|:_| =
Olllller1|—-lL||-T-| Olll T ler-I
- N O ¥ O © O O ©» - N O ¥ O © N O
D_D_&D_D_D_n_>$ D_D_D.D_D_&g_ig
G o
Figure7.

Adsorption profiles for C1q, C3, vitronectin (\Vn) and apolipoprotein Al (ApoAl) on the
synthesized polymers and the reference materials, measured with COPAS flow cytometry,
after incubation in EDTA-plasma. The results are shown as mean values of mean
fluorescence intensity (MFI) + SEM (n=4). In each experiment a minimum of 1,500
particles were collected and analyzed.
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Table 2

Composition and predicted chemical properties at physiological pH of the polymers selected for further study.
The properties of the polymers were predicted based on the chemical characteristics of each component
presented in Figure 1.

Polymer  Monomer (20%) Crosslinker (80%) Predicted properties of the polymer at physiological pH  Functional group

P1 MAA DAP Hydrophilic Negatively charged -CO0O~

P2 MAA DVB Hydrophobic Negatively charged -CO0~

P3 MAA EGDMA Hydrophobic Negatively charged -CO0O~

P4 IPAAM EGDMA Hydrophobic —CONH,CH(CHj3),
P5 Styrene EGDMA Hydrophobic -CgHs

P6 HEMA EGDMA Hydrophobic -OH

PS Styrene _ Hydrophobic - CgHs

PvC Vinyl chloride _ Slightly hydrophobic -Cl

Glass _ Hydrophilic Negatively charged -SiOH/SIO(-)
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