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Abbreviations

Immunnology & serum compoments

AP Alternative pathway

CP Classical pathway

LP Lectin pathway

C1 Complement component 1

Clq Complement component 1 fragment q

C3 Complement component 3

C3a Complement component 3 fragment a

C3b Complement component 3 fragment b

CHsp Total hemolytic component

HSA Human serum albumin

Ig Immunoglobulin

IeG Immunoglobulin G

IgM Immunoglobulin M

NHS Normal human serum

SC5b-9 Soluble phase-terminal complement complex
TCC Terminal complement complex (also called C5b-9)

Compounds & components

EDTA Ethylenediamine-N,N,N’,N’-tetraacetic acid

iii
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EGTA O,0’-bis(2-aminoethyl)ethyleneglycol-N,N,N’,N'-tetraacetic acid
MCT Mercury cadmium telluride

mPEG Methoxy-capped polyethylene glycol

PEI Polyethyleneimine

PVA Poly(vinyl alcohol)

SAM Self-assembled monolayer

TFAA Trifluoroacetic acid anhydride

VB Veronal buffer

Analysis & units

DA Degrees of angle

ELISA Enzyme-linked immunosorbent assay
ESCA Electron spectroscopy for chemical analysis
FCM Flow cytometry

FTIR Fourier-transform infrared spectroscopy
Mn Number-average molecular weight

Mw Weight-average molecular weight

RAS Reflection adsorption spectroscopy

SDS-PAGE Sodium dodecyl sulfate — polyacrylamide gel electrophoresis
SEM Scanning electron microscopy
SPR Surface plasmon resonance

XPS X-ray photoelectron spectroscopy



Abbreviations V

Statistics

ANOVA A one way analysis of variance test

SEM Standard error of the mean






General Introduction

The author would like to ask the reader’s forgiveness for opening this thesis with
a personal story instead of a scholarly discussion with references and acknowledg-
ment of those who have come before him. The author believes that his personal
story is the origin of motivation of the author and its revelation is necessary to set
the stage for the remainder of this thesis.

During senior year of the author as an undergraduate, the father of the author
passed away as a result of cancer. Only four months had elapsed from the time his
father was diagnosed with carcinoma to the death of his father. With the brevity
of this interval, the author had no ability to help his father, his family, or himself;
there was no time for preparation, and all the author could do was accept the
unacceptable reality.

The lives have limits. It’s an unavoidable truth that no modern scientific knowl-
edge or technology can overcome at this time. Death serves as an agent of change,
clearing the path of the old to make way for the new', and it may not be ethical
or even possible for humans to maneuver around death using human-made means.
Yet, don’t we the human beings permit to apply modern technologies to recover
from crises that once ended in death, especially death occurring before one’s natu-
ral lifespan has been completed?

Ordinary people may be inclined to accept such early deaths as simply individ-
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ual fate or to say that it is not in the hands of humans to operate against such fate
because it is ultimately unavoidable. The author believes, however, that we the peo-
ple who produce any technology should continue to strive to do their utmost with
technology to ameliorate suffering of human beings even if it may be impossible to
achieve complete recovery and should fulfill our obligation to contribute in this way
to the overall welfare of the human beings. The helplessness of the author during
the brief period of his father’s terminal illness has led him to pursue development
of technologies that can help people recover from or delay the outcome of such dis-
eases. It is because of this personal background that the author became a researcher
in biomedical engineering.

The development of technologies based on research results in biomedical
engineering> has brought us enormous privileges in recent decades. The invention
of novel medical devices has led to the development of many new treatments**!
and to cures and effective treatments for critical injuries and illness'>'*. These
medical devices, however, still have weaknesses and limitations'>®.

Almost all materials used in such devices are artificial and therefore are rec-
ognized as foreign objects by the recipient’s body. Several biological responses
are induced to protect the body from foreign objects such as these biomedical

materials!'” 2!

. In addition, medical devices have been used not only at the acute
phase in emergency conditions but also in the chronic phase of illnesses, which has
required long-term suppression of these defenses in the patient”>*. This long-term

use can lead to numerous problems, such as loss of device function or even fatal

side effects'.
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Therefore, an important challenge remains for understanding and developing
methods of controlling these interactions between the artificial materials and the
organismal defense, especially at the interface with the bioengineered materials®.

The complement system is an enzyme cascade that consists of approximately 30
fluid-phase and cell-membrane bound proteins and that plays an important role

25-27

in the body’s defense systems against pathogenic xenobiotics It is activated

through three separate pathways: the classical pathway (CP), the lectin pathway
(LP), and the alternative pathway (AP). Interaction of complement protein Clq
with immune-complexes initiates the CP**; the LP is triggered by the binding
of mannose-binding lectin to carbohydrate chains on foreign microorganisms®;
and the AP is activated by nonspecific deposition of complement protein C3 on the
surfaces of foreign substances®.
" Classical
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Scheme 1 Schematic illustration of the complement activation pathways.

Extensive studies have focused on complement activation against artificial bioma-
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terials used for the preparation of implants and extracorporeal artificial organs”*,

but these interactions involving the features of the material surfaces and the comple-
ment system are not completely understood. More fundamental knowledge about
these interactions can lead to strategies for improving and modifying the surface
of biomaterials and contribute to the development of novel medical devices with
reduced side effects. Application of such knowledge can be expected to yield meth-
ods for controlling unspecific adsorption of various proteins onto the surfaces of
biomaterials, improving the signal/noise ratio of the biosensors, and analyzing and
distinguishing specific substances using controlled immobilization of the factors
that recognize those substances.

This thesis provides fundamental information about interactions between bioma-
terials and living bodies, especially about the effect of surface properties with var-
ious characteristics on interactions with the complement system. This system may
be involved in the harmful side effects of medical devices and in the cell behavior
involved in displaying specific surface antigens.

Chapter 1 describes a study of interactions between the complement system and
amino groups presented on model surfaces. Hydroxyl groups (OH) present on the
surface of artificial biomaterials strongly activate the complement system via the
AP. Amino groups (NHy), the other representative nucleophilic group, also seem to
be potential activators of the complement system through the AP%; however, few
studies have examined the potential of artificial materials carrying amino groups to
activate the complement system, and the detailed mechanism remains unclear.

In this chapter, a self-assembled monolayer (SAM) of 11-amino-1-undecanethiol
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(NH2-SAM) and a polyethyleneimine (PEI)-coated surface were used as model sur-
faces to study amino group activation of the complement pathway. The amounts
of adsorbed proteins on the specimen surfaces were determined using the surface
plasmon resonance (SPR) method. Adsorbed proteins were also analyzed with SDS-
PAGE, and the amounts of cleavage components of the complement system were
measured using ELISA. The results showed that a large amount of protein was ad-
sorbed from serum solutions onto the two types of amino surfaces and that amounts
of C3b deposition were much less than those observed on OH-SAM. The amounts
of C3a released on the amino surfaces were the same as that for CH3-SAM, but sig-
nificantly less than that of OH-SAM. These findings suggest that the nucleophilic
amino groups on NH»-SAM and PEl-coated surfaces do not directly activate the
AP but that the protein adsorbed layers formed on amino surfaces activate it to an
extent much smaller than on OH-SAM.

Chapter 2 deals with a study of the effects of hydrophobicity and electrostatic
charge on complement activation at the terminal amino group with mixed SAMs.
Nucleophilic groups on blood-contacting biomaterials, such as OH groups on a dial-

ysis membrane made of regenerated cellulose**

, can strongly activate the comple-
ment system. OH-SAM also acts as a strong activator of the complement system, as
shown in a previous study*. Previous research® has also indicated that when using
a series of mixed SAMs of various ratios of OH- and methyl (CHj3)-terminated alka-
nethiols, there was a threshold for the content of OH-terminated alkanethiols for

activating the complement system. The degree of complement activation strength-

ened in proportion to that content.
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In Chapter 1, the complement system was simply activated on surfaces carrying
amino groups. In this chapter, the activation of the complement system was ana-
lyzed using series of mixed SAMs containing NH;-terminated and CH3-terminated
or carboxyl (COOH)-terminated alkanethiols on several model surfaces that carried
amino groups and had different surface hydrophobicities and electrostatic charge.
The results showed that NH; /CH3-mixed SAMs were not potent activators of the
complement system regardless of NH,/CHj ratios in mixed SAMs. Many serum
proteins, such as albumin, were adsorbed onto those SAMs, and the formed protein
layer inhibited access of C3b to amino groups. On the other hand, plenty of C3b
and/or C3bBb was deposited in a 1:1 mixture of NH; /COOH-mixed SAM surface,
and SC5b-9 was found in serum exposed to this surface, indicating activation of the
complement system. These results suggest that C3b can easily access nucleophilic
NH; groups because of the decreased electrostatic interaction between negatively
charged proteins and the NH-SAM surface.

Chapter 3 describes an examination of the differences in complement activation
caused by the soluble phase and immobilized phase of poly(vinyl alcohol) (PVA)
and dextran. Complement activation by polymeric materials has been extensively
studied in relation to hemodialysis membranes made of cellulose or its deriva-
tives that activate the complement system**. Other studies indicate that polymeric
membranes carrying surface OH groups or nucleophilic groups strongly activate

the complement system through the alternative pathway**+

. Crosslinked dex-
tran (Sephadex®) also activates the complement system®. In contrast to these ob-

servations, solutions of dextran, which have a medicinal application as a blood
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substitute and a plasma expander, did not strongly activate the complement sys-
tem at the dextran concentrations used in clinical settings™. Some questions have
arisen from these seemingly contradictory findings, asking whether the state of the
polymer, either immobilized on a surface or free in solution, affects complement
activation.

In Chapter 3, dextran and PVA were used as model polymers carrying OH
groups, and the deposition of serum proteins and complement fragment C3b onto
polymer-immobilized surfaces was examined using an SPR apparatus. With ELISA,
the release of complement fragments was compared after exposure of serum sam-
ples to either a polymer-immobilized surface or to a solution of polymer dissolved
in neutral buffer. The results showed that the complement system was strongly
activated on dextran- and PVA-immobilized surfaces but not in dissolved dextran
or PVA in serum, even if amounts of the soluble polymers added to serum were 4—
2000 times greater than those on the polymer-immobilized surfaces. Therefore, the
physical states of the polymers, i.e., either immobilized on the surface or dissolved
in serum, appear to greatly modulate complement activation.

Chapter 4 deals with an investigation of the relationship between complement
activation and the surface properties and structure of PVA. Activation of the serum
complement system was examined and described on SAMs of alkanethiols carry-

#4 or OH-terminated oligo(ethylene glycol)®. In Chapter 3, it was

ing OH groups
found that dextran and PVA immobilized on surfaces strongly activated the com-

plement system, but either of these polymers dissolved in serum could not. In the

series of experiments, it was also found that the complement activation ability of
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PVA, but not dextran, immobilized on surfaces highly depends on their preparation
methods. In Chapter 4, the effect of water content in PVA layer on complement acti-
vation was examined. PVA immobilized surfaces were prepared by spin-coating of a
PVA solution on a SAM carrying aldehyde and PVA layers with various thicknesses
were prepared by changing concentrations of PVA solutions used for spin-coating.
The PVA layers prepared were further annealed at 150 °C to increase crystallinity,

accompanied by a decrease of water content™>

. Amounts of serum proteins and
complement fragment C3b deposited onto PVA surfaces were determined by us-
ing a SPR apparatus and amounts of complement fragments SC5b-9 released were
also determined after exposure of serum samples to PVA surfaces using ELISA.
The results in Chapter 4 demonstrated that the thickness of the PVA layer immo-
bilized on a substrate greatly modulated complement activation behavior, although
all PVA layers regardless of their thickness reduced the non-specific adsorption of
serum proteins. In addition, the PVA surface was converted by annealing to the
complement-activating surface. Therefore, these findings suggested that the water
content, conformation, and surface structure greatly affect complement activation.
In Chapter 5, the association between complement activation and the degra-
dation of methoxy-capped polyethylene glycol (mPEG) was studied. In recent
years, surface modification with polyethylene glycol (PEG) has been employed
in the development of biomaterials to reduce unfavorable reactions. Unantici-
pated body reactions, however, have been reported, with activation of the com-

56-60

plement system suggested as having involvement in these responses Hyper-

61-64

sensitivity caused by PEG-modified liposomes and rapid clearance of PEG-
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modified liposomes from blood® have been reported. Activation of the comple-
ment system has been suggested as being associated with these reactions®. For
the work described in this chapter, a PEG-modified surface on a gold surface using
a SAM of a-mercaptoethyl-w-methoxy-polyoxyethylene (HS-mPEG) was prepared,
and detailed surface analyses of PEG-modified surfaces was carried out using the
reflection-adsorption method (FTIR-RAS) and X-ray photoelectron spectrometry
(XPS). Activation of the complement system was examined using undiluted human
serum to obtain more detailed insight into the mechanisms of complement system
activation by the PEG-modified surfaces. The results of the surface analyses sug-
gested that removal of low molecular weight substances produced by degradation
of PEG chains occurred on the mPEG surfaces stored in a desiccator under room
light (R-mPEG) or irradiated with UV light for 60 min (UV-mPEG) but not on the
surface maintained in a —20 °C freezer for 12 days (F-mPEG). Strong activation of
the complement system was observed when undiluted normal serum was applied
to R-mPEG and UV-mPEG surfaces. On the other hand, if serum with EDTA was
applied on the degraded mPEG surfaces, there was no observed activation of the
complement system or adsorption of serum proteins. These results indicated that
the resistance to protein adsorption remained but that the ability to prevent the
complement activation was lost on those degraded mPEG surfaces. PEG-modified
artificial materials, proteins, and liposomes, therefore, should be carefully stored.
In summary, this thesis addresses the effect of surface properties on biological
reactions. Especially investigated was the activation of the serum complement sys-

tem occurring with various kinds of terminal functional groups presented on the
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surface. Precise examinations of interactions between the surface properties and bi-
ological responses including cell behavior were achieved using several well-defined
surfaces provided by alkanethiols.

The author of this thesis strongly believes that the findings reported in this thesis
provide basic information for continuing research on the interactions at the interface
of materials and the living body, hold promise for application in the development
of novel medical devices, and lead to technologies that give hope to people suf-
fering injury and illness. The author also wishes and resolves to provide these

technologies in this world.
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Chapter 1

Complement activation on surfaces carrying
amino groups

1.1 Introduction

The complement system is an enzyme cascade system that consists of approxi-
mately 30 fluid-phase and cell-membrane bound proteins, and plays an important
role in the body’s defense systems against pathogenic xenobiotics'?. It is activated
through three separate pathways: the classical pathway (CP), the lectin pathway
(LP), and the alternative pathway (AP). The CP is initiated by interaction of com-
plement protein C1q with immune-complexes®*, the LP is triggered by the binding
of mannose-binding lectin to carbohydrate chains on foreign microorganisms®’, and
the AP is activated by nonspecific deposition of complement protein C3 on the sur-
faces of foreign substances®'. Extensive studies have been made on complement
activation on artificial biomaterials used for the preparation of implants and extra-
corporeal artificial organs'*", and the current model is this occurs through the AP.
AP activation is initiated in the fluid phase with spontaneous and continuous gener-
ation of enzymes that cleave C3 to C3a and C3b. C3b is conformationally changed,
exposing a highly reactive thioester group which attacks nucleophilic groups, such

as hydroxyl groups, on biomaterials to form a covalent linkage and subsequently
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complex with factors B and D. For example, a dialysis membrane made of regen-
erated cellulose with surface hydroxyl groups*'®. And a self-assembled monolayer
of 11-mercaptoundecanol (OH-SAM) also acted as a strong activator of the comple-

ment system, as shown in previous studies'*

. The other proposed mechanisms
is that the CP is initiated by protein layers formed on artificial materials and the
formed C3 convertase trigger the AP amplification loop. For example, polystyrene
without nucleophilic groups is reported as an activator of the complement system?'.

Amino groups, the other representative nucleophilic group, seem to be poten-
tial activators of the complement system through the alternative pathway", and
could form amide bonds with C3b, and C3 convertase with Bb. Consistent with

322-24 an: d

this, low molecular weight amines react with the thioester group of C
C3b*. Few studies thus far®?* have identified a function of amino groups in al-
ternative pathway activation. Here, a self-assembled monolayer of 11-amino-1-
undecanethiol (NH>-SAM) and a polyethyleneimine (PEI) coated surface on an

11-mercaptoundecanoic acid SAM (COOH-SAM) were used as model surfaces to

study amino group activation of the complement pathway.

1.2 Materials and methods

1.2.1 Preparation of serum and veronal buffer

All subjects enrolled in this research have responded to an informed consent, which
has been approved and accepted by the ethics review board of Institute for Frontier
Medical Sciences, Kyoto University. Blood was donated from 8 healthy volunteers

who had a meal at least 4 h before their donation. To separate serum, each 10 cm? of
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Scheme 1.1 NH,-SAM and PEI coated surfaces

the blood was divided equally into sterile glass tubes, kept at ambient temperature
for 30 min, and then centrifuged at 1100 x g at 4 °C for 30 min. Supernatant was
pooled, mixed, and stored in 2 cm? vials at —80 °C until use. Veronal buffer (VB)

was prepared referring to a protocol of CHsy measurement”.

1.2.2 Preparation of surface carrying different functional groups

Glass plates (type BK7, refractive index: 1.515, size: 25 x 25 x 1 mm, Arteglass Asso-
ciates Co., Kyoto, Japan) were immersed for 5 min in a piranha solution (7:3 mixture

of concentrated sulfuric acid and 30% hydrogen peroxide, Wako Pure Chemical In-
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dustries, Ltd., Osaka, Japan), washed three times with deionized water, sequentially
rinsed three times with Milli-Q water (Milli-Q Synthesis, Millipore Co., MA, USA)
and once with 2-propanol (Nacalai Tesque, Inc., Kyoto, Japan), and finally stored
in 2-propanol until use. These glass plates were dried under a stream of dried ni-
trogen gas (Kyoto Teisan K.K., Kyoto, Japan) and mounted on the rotating stage
of a thermal evaporation coating apparatus (V-KS200, Osaka Vacuum, Ltd., Osaka,
Japan). A chromium layer (1 nm), and then a gold layer (49 nm) was deposited.

The gold-coated glass plate was immersed in a 1 mmoldm 3 ethanol (Nacalai
Tesque, Inc., Kyoto, Japan) solutions of 11-amino-1-undecanethiol hydrochloride
(Dojindo Laboratories, Kumamoto, Japan), 11-mercaptoundecanoic acid (Sigma-
Aldrich Co., St. Louis, MO, USA), 11-mercaptoundecanol (Sigma-Aldrich), and
1-dodecanethiol (Sigma-Aldrich) for the formation of a NH>-SAM, COOH-SAM,
OH-SAM and CHj3-SAM, respectively at room temperature for at least 24 h. The
glass plate with a monolayer was sequentially washed with ethanol, Milli-Q water
and 2-propanol each three times and then dried under a stream of dried nitrogen
gas.

Glass plates carrying a COOH-SAM were exposed to a 2% PEI (Sigma-Aldrich,
Mn = 60,000, Mw = 750,000, branched) in VB for 5 min, and washed three times
with VB solution. In surface plasmon resonance (SPR) experiments, a COOH-SAM
plate was set in a sample holder of the SPR apparatus, and a 2% PEI solution was
applied to the surface for 5 min, and washed with a VB solution for at least 5 min

to remove the weakly-bound PEL



Chapter 1 Complement activation on surfaces carrying amino groups 25

1.2.3 Surface analyses of glass plates carrying amino groups

XPS Spectra of surfaces were collected by an ESCA-850V (Shimadzu Co., Kyoto,
Japan): A magnesium target was used and the electric current through the filament
was 30 mA at 8 kV, and the base pressure of the analysis chamber was less than
1 x 1072 Pa. All spectra shown in the figures were corrected referring to the peak
of Au4fy, to 83.8 eV.

Infrared adsorption spectra of sample surfaces were collected by the reflection-
adsorption method (FTIR-RAS) using a Spectrum One (Perkin-Elmer, USA) spec-
trometer equipped with a Refractor™ (Harrick Sci. Co., NY, USA) and a mercury-
cadmium telluride (MCT) detector cooled by liquid nitrogen (Taiyo Toyo Sanso Co.,
Ltd, Osaka, Japan). Gold-coated glass plates with a gold layer at 199 nm of thick-
ness were used for FTIR-RAS analysis. Spectra were obtained using the p-polarized

infrared light at an incident angle of 75° in the chamber purged with dry nitrogen

1 1

gas for 128 scans at 4 cm ™" resolution from 4000 to 750 cm ™.

Surface amino groups were modified through with trifluoroacetic acid
anhydride®. 1 cm?® of trifluoroacetic acid anhydride (TFAA, Nacalai Tesque,
Inc., Kyoto, Japan) and 1 cm?® of pyridine (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) were added to 15 cm? of benzene (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) and mixed well in a chemical hood. Gold-coated glass plates
with a NH)-SAM or PEI were soaked in this solution for 90 min. Plates were
rinsed with benzene three times, soaked into benzene for a half hour, rinsed with

diethylether (Wako Pure Chemical Industries Ltd., Osaka, Japan) three times, and

left in diethylether overnight. Samples were rinsed with 2-propanol and dried
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under a stream of dried nitrogen gas. Those surfaces were subjected to XPS and

FTIR-RAS analyses.
1.2.4 Protein deposition observed by surface plasmon resonance (SPR)

Polyclonal rabbit anti-human C3b (RAHu/C3b, Nordic Immunology, The Nether-
lands), polyclonal sheep anti-human Clq (PC020, The Binding Site Ltd., Birming-
ham, UK), polyclonal rabbit anti-HSA (55029, ICN Pharmaceuticals, Inc., USA),
and polyclonal goat anti-IgG (109-005-088, Jackson ImmunoResearch Laboratories,
Inc., PA, USA) were diluted to 1% with VB. The SPR apparatus employed in this
study was a home made apparatus'®®. Unless otherwise stated, 10% normal human
serum (NHS) diluted with VB was circulated at 3.0 cm3/min. The change of the
resonance angle was monitored as a function of the time for 90 min. During each of
the antisera/antibodies was applied, change of the resonance angle was estimated
to see antibody immobilization. The change of the resonance angle was also exam-
ined when 1% solutions of these antisera/antibodies diluted by VB were exposed
to human serum albumin pre-adsorbed surfaces to see non-specific adsorption. No
clear increase in the resonance angle was observed for these antisera/antibodies.
Protein deposition on surfaces from human serum albumin (Fraction V, Sigma-
Aldrich Co., St. Louis, MO, USA) and human IgG (Sigma-Aldrich Co., St. Louis,
MO, USA) solutions was also determined in the similar way. Protein layer thickness
was calculated from the shift in the resonance angle using Fresnel fits for the sys-
tem BK7/Cr/Au/SAM/protein/water®*, where the refractive indices of SAM and
protein were assumed to be 1.45. The thickness supposing that the density of the

protein layer was assumed to be 1. From these, the amounts of proteins adsorbed
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on the surfaces could be estimated from the following relation'?,

1.0 degree SPR angle shift (DA) — 0.5 ug of protein on 1 cm? of the surface (1.1)

1.2.5 Release of complement fragment C3a-desArg

500 ul of 10% serum diluted with VB was incubated on a SAM surface (4.0 cm?)
for 90 min at 37 °C, a supernatant was collected, and EDTA was added at a final
concentration of 10 mmoldm 3. A commercial enzyme-linked immunosorbent as-
say (ELISA) kit (BD OptEIA Human C3a ELISA, BD Biosciences Pharmingen, CA,
USA) was used to determine the amount of generated C3a-degArg fragment in
the collected specimens. Control experiments were run on CH3-SAM in parallel,
and the concentration of the C3a-desArg fragment released on each surface was ex-
pressed after subtraction from the concentration obtained from the control surface,

CH3-SAM, to eliminate the effect of the fluid phase activation of C3.

1.2.6 Protein elution from sample surfaces, SDS-PAGE and immunoblot

A sample surface was rinsed with VB, and exposed to 10% NHS in VB for 90 min
at ambient room temperature, and then washed with VB 4 times. Sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer with 2%
SDS and 2% 2-mercaptoethanol® were applied to the surface and left for 30 min
at 37 ‘C. The supernatant was collected, and then analyzed by the SDS-PAGE
on a 4 — 20% gradient minigel (Ready Gel ], Bio-Rad Laboratories Japan, Japan)
under reducing conditions. After electrophoresis, proteins were transferred to a
nylon membrane (Hybond N+, Amersham pharmacia biotech UK Limited, UK)

using Towbin’s buffer with TransBlot SD (Bio-Rad Laboratories). The membrane



28 Complement activation on surfaces carrying hydroxyl or amino groups

was incubated at ambient temperature for 1 h with blocking buffer (5% skim milk,
0.1% Tween 20, Tris-buffered saline), overnight with rabbit anti human C3b an-
tiserum (1:500, Nordic Immunology) diluted with dilution buffer (1% skim milk,
0.1% Tween 20, Tris-buffered saline), and for 2 h with HRP-conjugated goat anti
rabbit IgG (1:1000, Jackson ImmunoResearch Laboratories) diluted with dilution
buffer. The membrane was washed 2 times with 0.1% Tween 20/ Tris-buffered saline
and two times with Tris-buffered saline. Probed proteins were visualized by en-

zyme immuno-staining using Immunostain HRP-1000 (Konica Minolta MG, Tokyo,
Japan).

1.2.7 Statistical analysis

Data from the experiments are expressed as the mean values + standard errors
of the means (SEM). A one way analysis of variance test (ANOVA) was used to
identify statistical significance of the data. ANOVA was followed by post hoc pair

wise f-test adjusted by Holm method using R ver. 2.5.1%.

1.3 Results

1.3.1 Surface analysis

Two surfaces were used to study amino group activation of the AP. NH;-SAM
is a well-defined and stable surface carrying primary amino groups, and the PEI
coated surface carries primary, secondary and tertiary amino groups, which are
less constrained than those on NH»-SAM (Scheme 1.1). XPS spectra are shown in
Fig.1.1. The N1s signal from the NH;-SAM can be seen at around 400 eV, but

its intensity is weak. Atomic ratio of N and C calculated from XPS spectrum was
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1 :10.3. It is close to the theoretical value (1 : 11) from the molecular structure
of 11-amino-1-undecanethiol. To confirm the surface amino groups, the NH>-SAM
surface was treated with TFAA® to convert surface amino groups to trifluoroacetyl
groups. As shown in Fig.1.1(a), a strong F1s signal is observed at 690 eV, and
weak C1s signals are seen at 289 eV and 293 eV corresponding to a carbonyl and
a CF3 group, respectively. The N1s signal from the PEI coated surface could be
much more clearly seen than that from NH,-SAM, as well as the F1s signal and
C1s signals of TFAA-treated PEI, indicating that the PEI coated surface carries a
larger number of amino groups than the NH>-SAM. Thus the amino groups of the
NH;-SAM and the PEI coated surfaces are presented as nucleophilic, TFAA-reactive
groups.

Fig. 1.2 shows IR spectra of the surfaces obtained by the FTIR-RAS method. De-
tection of amino groups was difficult for the NH>-SAM surface, and for the PEI
coated surface, a peak, assigned to carbonyl of the COOH-SAM, was observed at
1739 em~! and 1716 cm~!. After TFAA treatment, however, peaks assigned to
amide I (1693 cm~1), amide II (1558 cm™1), and stretch vibration of C-F bond (1215

cm~!) were clearly observed for both surfaces.
1.3.2 (C3b and Clq deposition on surfaces

SPR sensorgrams for the serial treatment of the NH,-SAM and the PEI-coated sur-
faces are shown in Fig.1.3. The SPR angle increased sharply and then slowly over
time when the NH,-SAM was exposed to 10% NHS. After 90 min, the surface was
washed and the SPR angle shift was around 1,700 mDA. The serum protein ad-

sorbed surface was then exposed to an anti-human C3b antiserum solution, and
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Fig. 1.1 XPS spectra of NH>-SAM and PEI-coated surfaces before and after treat-
ment with trifluoroacetic anhydride. (a): NH,-SAM, (b): PEI coated surface

the SPR angle shift due to immobilization of anti-C3b antibody was small, less

than 200 mDA. The SPR angle shift for the PEI coated surface was slightly larger,

approximately 1,800 mDA, before and after 10% NHS exposure, and immobiliza-

tion of anti-human C3b antibody was more obvious in the PEI coated surface. The

spike observed upon NHS exposure is due possibly to conformation changes of the

adsorbed PEI on the surface caused by interaction with serum proteins. Similar

examinations were performed with 10% NHS supplemented 10 mmol dm 2 EDTA.

Increases of the SPR angle shift were suppressed due to inhibition of the comple-

ment system by EDTA.

In the experiments shown in Fig. 1.3, 10% NHS was used as complement source.
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Fig. 1.2 FTIR-RAS spectra of NH>-SAM and PEI-coated surfaces. NH»-SAM and
NH;-SAM -TFAA(+): before and after treatment with trifluoroacetic anhydride,
respectively. PEI coated and PEI coated-TFAA(+): before and after treatment with
trifluoroacetic anhydride, respectively.

PEI coated

This is a non-physiological concentration of complement protein which is not found
in vivo. It has been reported that dilution of serum might attenuates the alternative
pathway of complement™*. Undiluted NHS was used to see the effect of serum
dilution on the complement activation on SAM surfaces carrying different func-
tional groups. Undiluted serum was introduced into the flow cell at 8.0 pl/min.,
the change of the resonance angle was monitored as a function of the time for 90
min and then the surface was further exposed to anti-C3b antibody. The amounts
of adsorbed serum proteins and deposition of anti-C3b antibody on surfaces were
summarized in Fig.1.4. It includes results obtained using 10% NHS for easy com-

parison. The amounts of adsorbed serum proteins and deposition of anti-C3b an-
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Fig. 1.3 Surface plasmon resonance sensorgrams of protein adsorption onto
NH,-SAM and PEl-coated surfaces from 10% human normal serum, and de-
tection of C3b deposition on those surfaces using rabbit anti-human C3b serum.
(a): NH,-SAM surface, (b): PEl-coated surface. VB: Veronal buffer. Effect of
complement activation on protein adsorption can be clearly seen using 10% hu-
man normal sera with/without addition of 10 mmol dm—3 EDTA, because EDTA

effectively inhibits complement activation.
tibody on OH-SAM were higher than those on the other surfaces, indicating the
OH-SAM is the strongest activator of the alternative pathway in the four surfaces
examined. Plenty amounts of serum proteins were adsorbed on the NH>-SAM and
PEI surface, but amounts of anti-C3b antibody deposition were not large on either
surface. All of these tendencies are same as those found when 10% NHS was used.
In the following experiments, 10% NHS was used.

Protein compositions in the adsorbed protein layers formed on these amino sur-
taces as well as on OH-SAM and CH3-SAM were further examined using specific
antibodies to Clq, immunoglobulin G and serum albumin (Fig.1.5). Amounts of
NHS proteins adsorbed onto the 10% NHS-exposed NH>-SAM and the PEI-coated

surfaces were 720 + 35 ng/cm? and 790 + 51 ng/cm?, respectively, and amounts
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Fig. 1.4 Effects of serum dilution on amounts of proteins adsorbed onto NH,-
SAM, PEI-coated, OH-SAM and CH3-SAM surfaces from undiluted normal hu-
man serum, and deposition of C3b. Experiments were repeated 3 times using
same pooled serum from 8 healthy donors. Data from the experiments are ex-
pressed as the mean values = SEM (n = 3).

of anti-C3b antibody immobilized on NHS protein adsorbed layers were 90 + 15

ng/ cm? (NH,-SAM) and 220 + 30 ng/ cm? (PEI). Amount of anti-C3b antibody im-

mobilization on OH-SAM was dramatically higher, at 970 + 45 ng/cm?. No evident

immobilization of anti-C1q antibody, specific for the classical pathway, was detected

on the adsorbed protein layers on either the NH>-SAM or the PEI-coated surface.

Immobilized concentrations of anti-HSA were analyzed and it was observed that

adsorption varied highly depending on the surface. Serum albumin adsorbed on

NH-SAM and CH3-SAM to a greater extent than on PEI coated surface and OH-
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Fig. 1.5 Amounts of proteins adsorbed onto NH>-SAM, PEl-coated, OH-SAM
and CH3-SAM surfaces from 10% normal human serum, and analyses of C3b,
Clq, albumin and immunoglobulin in the protein adsorbed layers using respec-
tive anti-sera/antibodies. Experiments were repeated 4 times using same pooled
serum from 8 healthy donors. Data from the experiments are expressed as the
mean values = SEM (n = 4). *: obtained amounts were very small.

1.3.3 Effect of pre-adsorption of albumin and IgG on complement activation

As shown in Fig.1.5, a large amount of albumin adsorbed to NH,-SAM exposed
to 10% NHS. To determine the effects of pre-adsorption of albumin on comple-
ment activation, an NH>-SAM surface was first exposed to 0.1% albumin solution
and then exposed to 10% NHS (Fig.1.6). Immobilization of anti-human C3b an-
tibody on NH,-SAM surface pre-adsorbed with albumin remained similar to the
surface exposed only to 10% NHS. In contrast, when IgG pre-adsorbed NH;-SAM
was exposed first to 10% NHS and then to anti-human C3b antibody solution, large

amounts of serum proteins and anti-human C3b antibody were immobilized. Simi-
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lar examinations were performed on PEI coated surfaces. Pre-adsorption of albumin
inhibited C3b deposition, as observed on the NH,-SAM surface. On the other hand,
the PEI coated surface with a pre-adsorbed IgG layer showed different behaviors to
the pre-adsorbed IgG NH,-SAM where amounts of IgG and either serum proteins

or anti-human C3b antibody adsorbed were much less than those on the NH,-SAM

surface.
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Fig. 1.6 Effects of albumin or immunoglobulin pre-adsorption on complement
activation. Surfaces carrying amino groups, NH»-SAM and PEI-coated surface,
were pretreated with albumin or IgG solution and exposed to 10% human normal
serum. C3b deposition on the surfaces was detected using rabbit anti-human C3b
serum. (a): NH-SAM surface, (b), (c): PEI-coated surface. VB: Veronal buffer.

1.3.4 Release of complement fragment C3a

C3 is cleaved during activation of the complement system through all three path-
ways. The C3 convertases cleave the a-chain, generating C3a and C3b. The larger
C3b carrying the thioester bond is immobilized on the nucleophile-carrying target
surface, and the smaller 9 kDa anaphylatoxin C3a is released to the fluid phase.

Thus the presence of C3a in the fluid phase indicates activation of the complement
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system. C3a levels in 10% NHS-exposed surfaces were determined, and concen-
tration of C3a released was normalized after subtracting the C3a concentration ob-
tained on the control surface, CH3-SAM, to account for spontaneous cleavage of C3
(Fig.1.7). Amounts of C3a released in NH>-SAM and PEI coated surface were sig-
nificantly smaller than that on OH-SAM (p < 0.001). Together, the less effective C3b
deposition and low levels of C3a release suggest that these amino group-carrying

surfaces are less effective activators for the alternative pathway than OH-SAM.
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Fig. 1.7 Release of C3a-desArg in diluted serum exposed to NH;-SAM, PEI-
coated surface or OH-SAM. CH3-SAM is used as a controlled surface. Experi-
ments were repeated 4 times for each surface using same pooled serum from 8
healthy donors. C3a-desArg amount on each surface is presented after subtract-
ing C3a-desArg amount on CH3-SAM (2.5 £ 0.4 (SEM) g/ cm?®). Amount of C3a
in naivel0% NHS and fully activated by incubation with zymosan were 0.25 +
0.02 ug/cm3 (n = 4) and 5.4 pg/cm? (n = 2), respectively. Error bars are represent
+ SEM (n = 4).
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1.3.5 Analysis of C3b fragments on the surface

Proteins adsorbed on the various surfaces were eluted under reducing conditions to
detect the presence of C3b fragments. Fig.1.8 shows FTIR-RAS spectra of protein-
adsorbed surfaces before and after SDS treatment. Peaks assigned to amide I and
amide II were clearly observed at 1663 and 1547 cm— 1, respectively, for NH,-SAM
and PEI coated surfaces exposed to 10% serum. After SDS treatment, intensities of
these two peaks were reduced to about 25% of their original values and new peaks
appeared around 1400-1000 cm~!, which are assigned to stretching vibration of
sulfonyl groups of SDS molecules interacting with these surfaces. Strongly bound
protein would be also left behind and this might be the protein of most interest.
A portion of the proteins remaining on the surfaces could be fragments of C3dg
(Fig.1.9(a)) and C4, which might be covalently immobilized to the surfaces through
amide bonds.

The eluents were further analyzed for C3b by western blot analysis. Distinct
bands of approximately 75 kDa and 40 kDa were observed in the OH-SAM elu-
ent, which were suspected to be the f-chain of C3b and a fragment of a-chain of
iC3b (Fig.1.9(b)). C3b is susceptible to proteolysis by a serine proteinase factor I,
which cleaves the B-chain of C3b into a COOH-terminal 43-kDa polypeptide and
a NHj-terminal 68-kDa polypeptide®. Both the B-chain and the smaller 43-kDa
polypeptide are bonded to the larger 68-kDa polypeptide by disulfide bonds (see
Fig.1.9(a)). When the surface was treated with a 2% SDS and 5% 2-mercaptoethanol
mixed solution, the p-chain and the smaller 43-kDa polypeptide was expected to be

released from the surface due to reduction of the disulfide bonds. The larger 68-kDa
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Fig. 1.8 FTIR-RAS spectra of protein-adsorbed surfaces before and after SDS

treatment. Removal of proteins from NH,-SAM (upper panel) and PEI-coated

(lower panel) surfaces exposed to 10% normal human serum using 2% SDS solu-

tion containing 5% 2-mercaptoetanol.
polypeptide, however, could not be released from the surface, as it is immobilized
through an ester bond on OH-SAM. Together these results indicate that OH-SAM
activates the complement system, thus immobilizing C3b. Faint bands of approxi-
mately 120-kDa and 75-kDa were observed for the eluent from PEI coated surfaces,
which may correspond to a- and p-chains (115 and 74 kDa, respectively). Small
amount of adsorbed but not covalently bounded C3b was released from the PEI

coated surfaces. No bands, however, were observed in the eluent from NH,-SAM.

Cheung et al reported that a large amount of C3a fragment (10 kDa) adsorbed onto a
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Fig. 1.9 Western blot analyses of C3 fragments, presented in (a) as schematic,
in proteins extracted from NH,-SAM and PEl-coated surfaces exposed to 10%
human normal serum (b).

polyacrylonitrile surface®. However, no distinct band around 10 kDa was observed

in an Ag-stained SDS-PAGE gel of eluents from the NH>-SAM and the PEI-coated

surface (data not shown).

1.4 Discussion

Amino groups, the representative nucleophilic groups, are considered to be po-
tent activators of the complement system via the alternative pathway'!. Reactivity
of the amino groups in NH>-SAM and PEI as functional nucleophilic groups was
clearly demonstrated through the reaction with TFAA as seen in Fig.1.1. Self as-
sembled monolayers of alkanethiols with a long alkyl chain are stable in serum?,
and microcapsules made of polyion complexes between PEI and polyanions have

been reported to be stable in ascites®*. These two surfaces with nucleophilic amino
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groups demonstrated stability in serum could serve as good model surfaces to study
interaction between the complement system and the surface carrying amino groups.

Model surfaces prepared in this chapter were exposed to 10% human serum,
and activation of the serum complement system was studied through deposition
of C3b on the surfaces and release C3a-desArg in the serum. It has been reported
that the concentration of serum strongly affects activation behavior of the comple-
ment system®**, and undiluted serum should be used to assess the complement
activation on the surface®. The amounts of adsorbed serum proteins and deposi-
tion of anti-C3b antibody on surfaces were also assessed in the experimental set-up
mentioned in this chapter using undiluted serum. (Fig.1.4) Amounts of anti-C3b
antibody deposited on surfaces were different between in serum and in dilute 10%
serum, but those are OH-SAM > CH3-SAM = NH>-SAM > PEI in undiluted serum
and OH-SAM > CHj3-SAM > NH,-SAM > PEI coated surface in 10% serum in
those order. In undiluted NHS, deposition of anti-C3b antibody on PEI surface was
smaller than that in 10% NHS. The significance of this observation in relation to
complement activation in dilute serum is not clear yet. This result suggests that
NH,-SAM and PEI coated surfaces are much weaker activator of the complement
system than OH-SAM even if those are under undiluted serum condition.

Several groups have studied complement-activating effects of amino groups, in-
cluding those introduced onto polystyrene surface with RF plasma®, which in-
troduces not only amino groups, but also hydroxyl and carboxyl groups on the
surface”. Thus, the potential contribution of hydroxyl groups in activating the com-

plement system makes it difficult to assess amino group effectiveness in activation
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in this system. PEI is a cationic polymer that strongly interacts with anionic polynu-
cleotide, DNA*, through the ionic binding, and thus has been used in gene delivery
to cells in vitro and in vivo*. Plank studied interaction of various polycations, in-
cluded PEI, with the complement system in conjunction with gene therapy®. The
degree of complement activation by DNA complexes is strongly dependent on the
ratio of polycation and DNA for all of polylysine, PEI and dendrimer, where acti-
vation gradually decreases as the cationic charge ratio is decreased. This suggests
that free amino groups are necessary to activate the complement system. In the
experiments in this chapter, PEI formed complexes with carboxylic acid groups of
COOH-SAM. In addition, under physiological conditions, a primary amino group
is positively charged, thus the surface carrying amino groups interact with neg-
atively charged serum proteins. Albumin, abundant in serum, is physiologically
negatively charged, and thus is expected to be strongly adsorbed to surface amino
groups due to the electrostatic interaction. In this study, it was found that large
amounts of serum albumin deposited on the NH,-SAM surface, and large amounts
of serum proteins, but not albumin, on the PEI coated surface. Reduction of num-
ber of free amino groups due to the complex formation appeared to decrease the
potential of the PEI coated surface to activate the complement system. This reduc-
tion can explain the lower amount of anti-C3b binding to the protein layer formed
on PEI coated surface after undiluted NHS.

In a pioneer work®, Cornelius and Brash analyzed the protein layers formed
during contact of plasma with hemodialysis membranes made of cellulose deriva-

tives, polymethymethacrylate and polyacrylonitrile. Heparinized human plasma
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was circulated through the dialysers for four hours. The proteins adsorbed to the
membrane were eluted with 2% SDS. SDS-PAGE and western blots for C3 and its
fragments were performed on the dialyser eluates. They found a decrease in inten-
sity of the 110 kD band, and the appearance of a strong band at about 40 kD in the
eluates from all the membranes. From these they concluded that the complement
system appears to have been activated on the membrane carrying hydroxyl groups.
In the cases in this chapter, the 40 kD band was found in an eluate from OH-SAM
as shown in Fig. 1.9, but not eluates from NH>-SAM and PEI coated surface. There
was still the 110 kD band in the eluates from PEI coated surface. The complement
system was activated on OH-SAM, but not on surfaces carrying amino groups.

No evident immobilization of anti-Clq antibody was detected on the adsorbed
protein layers on either the NHy-SAM or the PEI-coated surface, suggesting that
these surfaces fail to activate the classical pathway (Fig.1.5). More careful and
well organized studies, however, are needed to conclude it, because many factors,
serum concentration, incubation times with serum and shear, exert effects on Clq
immobilization on surfaces, and it has been reported that Clq is only transiently
detected at typical classical activation interfaces®. Several groups suggest that the
mechanism of the activation through the alternative pathway is more complex than

44-46

C3b thioester group attacking surface nucleophilic groups**, and have proposed

more relevant models?334047

. When artificial materials are exposed to fluids such
as plasma and serum, proteins adsorbed on the surface. The thioester group of

C3b formed in the fluid phase attacks the nucleophilic groups of the protein layer

adsorbed on artificial materials" to form C3 convertase with Bb, and/or IgG in
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the protein layer activates the classical pathway and thus triggers the amplification
loop of the alternative pathway****. CH3-SAM was used as controlled surface to
observe background levels of complement system activation. As mentioned in the
caption of Fig.1.7, a large amount of C3a was released in the serum, and small but
considerable amount of anti-C3b antibody was deposited on the CH3-SAM. This
suggests that spontaneous proteins adsorption have some roles during complement
activation. Amounts of C3a released on the NH,-SAM and PEI coated surface were
larger than that on CH3-SAM, and considerable amounts of C3b deposition were
seen on those surfaces, indicating that the protein adsorbed layers on NH;-SAM
and PEI coated surfaces activate the complement system, but to an extent much

smaller than that on OH-SAM.

1.5 Conclusion

Interactions of two kinds of surfaces carrying amino groups, NH>-SAM and PEI
coated surfaces, with the complement system were studied. Amounts of C3b depo-
sition on these surfaces and of C3a release in the serum were much less than that
of OH-SAM, indicating that NH>-SAM and PEI surfaces with nucleophilic amino
groups are not effective activators of the complement system through the alterna-
tive pathway. Under physiological pH conditions, positively charged amino groups
attract various negatively charged serum proteins, which adsorb on the surfaces
via an electrostatic interaction. Surface coverage with the adsorbed protein layer
interrupts access of C3b to the surface amino groups, thus, C3 convertase could not

be formed through surface-bound C3b with Bb.
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Chapter 2

Effects of hydrophobicity and electrostatic
charge on the complement activation by

amino group

2.1 Introduction

When medical devices are implanted, various responses occur at the interface be-
tween living tissue and the artificial materials such as adsorption of proteins, acti-
vation of the complement and the coagulation systems, platelet activation and cell
adhesion. The interaction of plasma proteins with artificial materials is the first
reaction in a series of events leading to thrombosis and inflammatory responses to-
ward medical devices in contact with blood. These interactions should be controlled
for the successful development of these devices. Thus, extensive studies have been
performed to understand the interactions of body fluids, especially blood, with
material surfaces.

The complement system is a cascade of enzymes consisting of approximately 30
fluid-phase and cell-membrane bound proteins, and plays an important role in the
body’s defense systems against pathogenic xenobiotics'?. It is activated through
three separate pathways: the classical pathway (CP), the lectin pathway (LP), and

the alternative pathway (AP). The development of the hemodialyzer has allowed
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the study of the activation of the complement system on artificial materials. It has
been made clear that nucleophilic groups, such as hydroxyl groups on a dialysis
membrane composed of regenerated cellulose®*, strongly activate the complement
system. In previous studies, it was reported that a self-assembled monolayer of
11-mercaptoundecanol (OH-SAM) also acted as a strong activator of the comple-
ment system>®. The amino group, another representative nucleophilic group, is
expected to be a potential activator of the complement system through the alterna-
tive pathway, but few studies have demonstrated this result’”. Some investigations
in Chapter 1 found that a self-assembled monolayer of 11-amino-1-undecanethiol
(NH-SAM) carrying amino groups at a high density could not effectively activate
the complement system. It was also observed in Chapter 1 that a large amount of
serum proteins deposited on the NH-SAM, which led us to speculate that amino
groups on the SAM surface were masked by the adsorbed protein layer, and thus
the amino groups could not activate the complement systems effectively. However,
many aspects of this system remain to be elucidated.

In the present work, the effects of surface densities of amino groups, hydropho-
bicity of surfaces, and electrostatic charges upon activation of the complement sys-
tem on SAMs modified with amino groups were examined. Two series of mixed
SAMs, amino/methyl or amino/carboxy terminated alkanethiols, with different
densities of surface amino groups were employed as model surfaces and the occur-

rence of complement activation on those surfaces was evaluated.
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2.2 Materials and methods

2.2.1 Reagents and antibodies

1-Dodecanethiol (C11CHj3, Wako pure chemical industries, Ltd., Osaka, Japan),
11-mercaptoundecanoic acid (C10COOH, Sigma-Aldrich Co., St. Louis, MO, USA)
and 11-amino-1-undecanethiol hydrochloride (C11NH,, Dojindo Laboratories, Ku-
mamoto, Japan), barbital sodium, calcium chloride, magnesium chloride, ethanol
(all purchased from Nacalai Tesque, Inc., Kyoto, Japan) and ethylenediamine-
N,N,N’,N’-tetraacetic acid (EDTA; Dojindo Laboratories, Kumamoto, Japan) were
of reagent grade and were used as obtained. Solutions of rabbit anti-human
C3b (RAHu/C3b, Nordic Immunology, The Netherlands), sheep anti-human Clq
(PC020, The Binding Site Ltd., Birmingham, UK), rabbit anti-HSA (55029, ICN
Pharmaceuticals, Inc., USA), and goat anti-IgG (109-005-088, Jackson ImmunoRe-
search Laboratories, Inc., PA, USA) were prepared and stored in accordance with

supplier instructions.

2.2.2 Preparation of serum and buffers

All donors of blood enrolled in this research provided informed consent. The pro-
cess was approved and accepted by the ethics review board of the Institute for
Frontier Medical Sciences, Kyoto University. Blood was donated from 8 healthy
volunteers who had consumed a meal at least 4 h before the donation. The prepa-
ration method for the serum has been described elsewhere®. Briefly, the collected
blood was kept at ambient temperature for 30 min to induce blood coagulation, and

centrifuged at 1100 x g for 30 min at 4 “C. The supernatant serum was then pooled
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in a bottle and mixed well, and divided into polypropylene vials in an ice bath, and
stored at —80 °C until use. Water was purified with a MilliQ system (Millipore Co.).
Veronal buffer (VB), composed of 5 mmol dm—3 sodium barbital, 142 mmol dm 3
NaCl, 3.7 mmoldm~—3 HCl, 0.15 mmoldm—3 CaCl,, and 1.0 mmoldm 3 MgCl,
(pH 7.4), was prepared according to the protocol for CHsy measurement®. For ex-
periments under the inhibition of complement activation, EDTA was added to VB

(without CaCl, and MgCly) to a final concentration of 10 mmol dm~3 (EDTA-VB).

2.2.3  Preparation of self-assembled monolayer (SAM) surfaces carrying dif-
ferent functional groups
Glass plates were coated with gold as previously reported®. Ethanol was deoxyge-
nized with nitrogen gas before use. The series of reaction solutions with different
molar ratios of two thiols (C11NH,/C10COOH or C11NH,/C11CHj3) were pre-
pared by mixing a 1 mmol dm ™2 solution of each thiol and the total concentration
of thiols was 1 mmol dm ™2 in ethanol. The glass plates with a gold thin layer were
immersed into the reaction mixtures at room temperature for 24 h to form two-
component-mixed SAMs. The glass plates were sequentially washed with ethanol
and Milli-Q water three times each and then dried under a stream of dried nitrogen

gas.

2.2.4 Surface analyses of glass plates carrying amino groups

Infrared (IR) adsorption spectra of sample surfaces were collected by the reflection-
adsorption method (FTIR-RAS) using a Spectrum One (Perkin-Elmer, USA) spec-

trometer equipped with a Refractor™ (Harrick Sci. Co., NY, USA) and a mercury-
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cadmium telluride (MCT) detector cooled by liquid nitrogen. Glass plates with a
gold layer at 199 nm of thickness were used for FTIR-RAS analyses. Spectra were
obtained using the p-polarized infrared light at an incident angle of 75° in the cham-
ber purged with dry nitrogen gas for 128 scans at 4 cm ™! resolution from 4000 to
750 cm~ 1. The areas of peaks at 2965-2966 cm ! assigned to the asymmetric stretch-
ing mode of methyl groups were used to determine the surface concentrations of
CHj groups, and the areas of peaks at 1719-1720 cm ™! assigned to the stretch-
ing mode of carboxyl groups were used to determine the surface concentrations of

COOH groups®.
2.2.5 Protein deposition observed by surface plasmon resonance (SPR)

The SPR apparatus employed in this study was a homemade apparatus®® prepared
referring to the report by Knoll’. The BK7 glass plate with the gold layer (49 nm in
thickness) was coupled to a hemicylindrical prism with an immersion oil (n = 1.515,
Cargille Laboratories, Cedar Grove, NJ). The sample surface was irradiated with a
p-polarized He-Ne laser light (A = 632.8 nm) through the prism. The intensity of
the reflected light was monitored as a function of the incident angle. The incident
angle, at which the reflectivity reached a minimum, was described as the SPR angle.
Human serum diluted with VB to 10% (10% NHS) was used in this study. A flow
chamber with a sample plate was placed on a prism of the SPR apparatus, and
VB was circulated at a flow rate of 3.0 cm3/min in the flow chamber assembly.
Reflectance was monitored during the flow of the liquid samples at an incident
angle of 0.5° less than the SPR angle. Human serum was then introduced into

the flow chamber assembly and circulated at a flow rate of 3.0 cm?®/min for 90
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min. To clear serum from the sample surface, VB was introduced and circulated for
additional 20 min. All experiments were performed at 37 °C.

To identify proteins deposited on the surface, solutions of specific antibodies
or antisera were flowed through the apparatus after exposure of the sample sur-
face to human serum. Each of the antisera/antibodies, rabbit anti-human C3b,
sheep anti-human Clq, rabbit anti-HSA and goat anti-IgG diluted to 1% with VB
was applied and circulated for 90 min and then VB was introduced for 20 min
to wash out the antibody solution. The thickness of the protein layer was cal-
culated from the shift in the SPR angle (ASPR) using Fresnel fits for the system
BK7/Cr/Au/SAM/protein/water, where the refractive indices of SAM and protein
were assumed to be 1.45. The amounts of proteins adsorbed onto the surfaces were
estimated from the thickness presuming that the density of the protein layer was 1

as follows®:

The amount of adsorbed protein (ng/ cm?) = 500 x ASPR(°) (2.1)

The change of the resonance angle was estimated to determine the amount of pro-

teins on surfaces.

2.2.6 Released amounts of the soluble form of the membrane attack com-
plex, SC5b-9

A hand-made incubation chamber was used to examine release of SC5b-9 when dif-

ferent surfaces were exposed to 10% NHS. The chamber was composed of two glass

plates carrying the same sample surface and a silicone gasket of 1 mm thickness

with a hole of 20 mm in diameter. After 10% NHS were incubated in the cham-

ber for 1.5 h at 37 °C, they were collected and EDTA was immediately added to a
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final concentration of 10 mmoldm ™3 to stop further activation of the complement
system. A commercial enzyme-linked immunosorbent assay (ELISA) kit (Quidel
SC5b-9(TCC) EIA kit, Quidel Corp., CA, USA) was used to determine the soluble
form of membrane attack complex, SC5b-9 in the collected 10% NHS. The measure-

ment procedure was performed in accordance with supplier instructions.

2.2.7 Statistical analysis

Data from the experiments are expressed as the mean + standard error of the mean.
A one-way analysis of variance (ANOVA) was used to identify the statistical sig-
nificance of the data. ANOVA was followed by post-hoc pair-wise t-tests adjusted

using Holm’s method and employing R language environment ver. 2.9.1%.

2.3 Results

2.3.1 Surface analysis

Mixed SAMs, which can be easily prepared by using two or more different kinds of
alkanethiols with different terminal groups, can provide well-defined surfaces with
serially varied surface properties. These SAMs have been used for studying the
interaction between artificial materials and biological phenomena®''. Glass plates
with a 1 nm layer of chromium and a 49 nm gold layer were immersed into so-
lutions of the series of reaction solutions with different molar ratios of two thiols,
leading to the formation of the layers of mixed SAMs carrying various molar ratios
of NH,/CHj3 or NH, /COOH on the gold layer (Scheme 2.1).

Compositions of two series of mixed SAMs were determined from the absorp-

tion intensity of FTIR-RAS spectra. The molar ratios of NH; in the two kinds of
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Scheme 2.1 Scheme of the sample surfaces.

Symbols correspond to NH; (@), either CH; or COOH (@W), and SH (%) groups.

mixed-SAM surfaces are plotted against those of the reaction mixtures in Fig.2.1.
For NH; /CHj3 mixed SAMs, the surface concentrations of NH; gradually increased
as the concentrations of amines increased in the reaction mixtures, but the surface
concentration of NH, never reached the levels found in the reaction mixture across
the whole concentration range as previously observed''. In contrast, for the prepa-
ration of NH,/COOH mixed SAMs, the surface concentrations of NH, sharply
increased as a function of the NH, concentrations in the reaction mixtures and re-
mained around 50% over a wide concentration range. This outcome might be due
to salt formation between NH>; and COOH in solutions. The hetero-dimer of alkane

thiols was selectively immobilized on the gold surface'.
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Molar ratio of HSC11NH, on a surface (%)
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Molar ratio of HSC11NH, in a reaction mixture (%)

Fig. 2.1 Surface compositions of SAMs formed in mixtures of 1l-amino-1-
undecanethiol (NH;) and alkanethiols with methyl (CHj3) or carboxy (COOH)
end groups. Error bars represent £ SEM (n=3).

2.3.2 Interaction of serum proteins with NHp /CH3 mixed SAMs

A comparison of the adsorption of serum proteins onto a series of NH, /CHj3 mixed
SAMs as a function of time shows that the SPR signals sharply increased during
the initial few minutes and reached plateau around 20 min after exposure to 10%

NHS (Fig.2.2A). C3b or C3bBb is expected to be immobilized on surface when the
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complement system is activated by the surface. After flushing out serum from the
sensor chamber with VB, the application of 1% anti-human C3b antibody solution
to determine the presence of C3b or C3bBb resulted in only a modest increase in

the SPR signals (Fig.2.2B).
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Fig. 2.2 SPR sensorgrams during exposure of 10% NHS (A) and 1% anti-C3b
antiserum (B) to a series of NH; /CH3 mixed SAM surfaces.

(-----):NH,/CH3=0/100; (- - -):NH,/CH3=45/55; (—):NH,/CH3=100/0;
(----):NH,/CH3=100/0 with 10 mmol dm~3 EDTA supplemented 10% NHS.

Protein adsorption from 10% NHS was examined on a series of NH; /CHz mixed
SAMs and the protein composition in the adsorbed protein layers was examined
using specific antibodies against C3b, C1lq, immunoglobulin G (IgG) and serum al-
bumin (HSA). Although the amounts of total adsorbed serum proteins showed a
small increase with increasing NH, density on the surfaces, over the range of 300
ng/cm? to 420 ng/cm?, their differences were small. The amount of immobilized
anti-HSA antibody surpassed that of any other antibodies examined, with values of

~ 400-600 ng/cm?. Although maximum immobilization of anti-HSA was observed
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on a mixed SAM with NH, /CHjz = 35/65, no significant differences were observed
between mixed SAMs with different surface NH, /CHj3 compositions (p = 0.2767,
ANOVA). Immobilized anti-IgG levels decreased with increasing surface NH; con-
centration. The amounts of immobilized anti-C3b antibody were comparable to that
of anti-IgG antibody, less than 200 ng/cm? at all examined points. C1q was hardly

detected on any NH,/CHj3 mixed SAMs using anti-C1q antibody.

1000

800 —

Amount of adsorbed proteins (ng/cm?)

0.0 0.2 0.4 0.6 0.8 1.0

[NH,|
[NH,] + [CH3]

in mixed SAMs

Fig. 2.3 Amounts of adsorbed proteins.

Serum proteins (—&—), and anti-C3b (- ®-), Clq (—® -), HSA (-- A--) and IgG
(- —a-) antibodies onto the protein layer adsorbed on NH;/CH3 mixed SAM
surfaces. Error bars represent £ SEM (n=3).
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2.3.3 Interaction of proteins with NH, /COOH mixed SAMs

Similarly as for NH, /CHj3 mixed SAMs, time-course sensorgrams were prepared
for a series of NH, /COOH mixed SAMs to illustrate the protein adsorption from
10% NHS (Fig. 2.4A) and anti-human C3b antibody immobilization onto the formed
protein layer (Fig.2.4B). Initial sharp increases of SPR angles due to a difference of
the refractive indices caused by changing VB to 10% serum (Fig.2.4A) were fol-
lowed by slow increases during 80 min. The largest increase was observed for the
NH;/COOH=55/45 SAM. After flushing out serum with VB, 1% anti-human C3b
antibody solution was applied. A large increase of the SPR signal was observed
for the protein layer formed on the NH;/COOH mixed SAMs with ~ 50 to 60%
NH; density (Fig.2.4B). Such an increase in the SPR signal was not observed on
CHs3-SAM (Fig. 2.2) or with 100% NH>-SAM. When EDTA was added to the serum,
no slow increase was observed in a SPR sensorgram, and no immobilization of anti-
human C3b antibody was observed on NH; /COOH mixed SAMs modified with ~
50 to 60% NH, (Fig.2.4B).

After the exposure of the surfaces to 10% serum, plentiful amounts of proteins
were adsorbed on NH, /COOH SAMs, regardless of the NH, /COOH compositions
(Fig.2.5). Treatment with serum protein antibodies revealed that the amounts of
immobilized anti-HSA antibody and anti-C3b antibody varied inversely. Amounts
of anti-C3b antibody increased with increasing surface NH; concentration, reaching
the maximum at ~ 50 to 60% NH; density. In contrast, the amounts of anti-HSA
antibody showed a minimum at ~ 50 to 60% density and then increased with in-

creasing surface NH; concentrations. When the complement system is activated,
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Fig. 2.4 SPR sensorgrams during exposure of 10% NHS (A) and 1% anti-C3b
antiserum (B) to a series of NH, /COOH mixed SAM surfaces.

(e ):NH, /COOH=0/100; (- - - ):NH,/COOH=55/45; (—):NH, 100%; and
(--- ):NH,/COOH=55/45 with 10 mmol dm~3 EDTA supplemented 10% NHS.
NH, 100% was the same as for Fig.2.2. Error bars represent &= SEM (n=3).

the major component of the protein layer is C3b or C3bBb. On the other hand,
when the complement system is not activated, the major component of the pro-
tein layer is albumin or IgG reflecting protein concentration in serum. Immobilized
anti-Clq and anti-IgG antibodies were hardly detected on any NH, /COOH SAMs.

These results indicate that NH, /COOH mixed SAMs with ~ 50 to 60% NH, acti-
vate the complement system through the alternative pathway, but NH,- or COOH-

SAMs are not activators.

2.3.4 Release of SC5b-9

As a consequence of activation of the complement system, a terminal complement
complex, C5b-9, is generated by the assembly of C5 though C9. In the absence
of a target cell membrane, for example, complement activation occurs on artifi-

cial materials, C5b-9 binds to regulatory S proteins, and is released into serum as
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Fig. 2.5 Amounts of adsorbed proteins.

Serum proteins (—&—), and anti-C3b (- ®-), Clq (—® -), HSA (-- A--) and IgG
(" —4-) antibodies onto the protein layer adsorbed on NH;/COOH mixed SAM
surfaces. Error bars represent + SEM (n=3).

a non-lytic SC5b-9 complex. The concentrations of SC5b-9 complex released into
serum exposed to SAMs were measured to evaluate the activation of the comple-
ment (Fig.2.6). The amount of SC5b-9 from 10% NHS samples exposed to the
OH-SAM surface was also included as the positive control. Although released
amount of SC5b-9 on NH,/COOH = 1:1 surface tended to be larger than those
on COOH-SAM and NH;-SAM, no statistical difference was observed among these
three surfaces (p = 0.356 and p = 0.373, respectively). This result is partially due to

large standard deviation of SC5b-9 amount on around NH; /COOH ~ 1:1 SAM.
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Fig. 2.6 Release of SC5b-9 in 10% diluted serum exposed to OH-, CH3-, COOH-
and NH»-SAM, and NH,/COOH ~ 1:1 mixed SAM. OH-SAM is used as a con-
trol surface. Experiments were repeated at least 3 times for each surface using
the same pooled serum. Error bars a represent + SEM (n=3). Amount of SC5b-9
in naive 10% NHS and fully activated by incubation with zymosan were 0.026
+ 0.007 pug/cm? (n = 2) and 20 + 4 pg/cm3 (n = 2), respectively. Statistical
significance; *:p < 0.05, **:p < 0.01.

2.4 Discussion

Numerous studies have investigated the interaction of the complement system with
material surfaces. Craddock et al.'*'* reported that transient leukopenia during
hemodialysis was induced through the complement activation on the hemodial-
ysis membrane. Hydroxyl groups on a dialysis membrane made of regenerated
cellulose®* cause activation of the complement system. An activation mechanism
of the complement system on surfaces carrying OH group was proposed. C3 is

hydrolyzed to C3a in plasma, and a thioester group in a C3b molecule is exposed to
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its surface and thus is able to react with nucleophilic hydroxyl groups on the sur-
tace. The bound C3b interacts with factor B, forming C3 convertase, and positions
C3bBb onto the surface. This process amplifies the complement activation and trig-
gers the complement loop activation, that is, the complement activation through the
alternative pathway. This mechanism has long been accepted”. The amino group
is also a nucleophilic group. Surfaces carrying amino groups are expected to be
potential activators of the complement system through the alternative pathway”’. In
Chapter 1, the NH>-SAM and a polyethyleneimine (PEI) coated surface were em-
ployed as model surfaces to study the interactions between amino groups and the
serum complement pathways. Although much protein was adsorbed from serum
solutions on the two types of amino surfaces, C3b deposition on the surfaces was
hardly detected. Only a small amount of SC5b-9 complex, which is produced when
the complement system is activated, was detected in serum after exposure of serum
to the amino surfaces. These results suggest that surfaces carrying amino groups
at higher densities could not effectively activate the complement system. In recent
years, several groups reported that the mechanism of the activation through the

16-18

alternative pathway is more complex than reported previously'®'®, and have pro-

posed more relevant models®'>***

. Nilsson et al. claimed that the protein layer
adsorbed on the material surface triggered the complement system. The behavior
of the complement system in the presence of surfaces carrying amino groups is still
poorly understood.

In the present work, several series of mixed SAMs, amino/methyl or

amino/carboxy terminated alkanethiols, were prepared with different surface
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amino group densities as model surfaces for the examination of complement
activation on those surfaces.

On NH,/CHj3; mixed SAMs, the amounts of adsorbed proteins slightly increased
from 300 ng/cm? to 420 ng/cm? with increasing surface NH, contents. Amounts
of immobilized anti-HSA antibody on the protein layer exceeded that observed for
other antibodies examined. Albumin is the major component of the protein layer.
Immobilized amounts of anti-C3b antibody were less than 100 ng/cm? at most
of the examined points. When NHS was exposed to OH-SAM which is a strong
activator of the complement system, immobilized amounts of anti-C3b antibody
were greater than 1100 ng/cm?, indicating that a major component of the adsorbed
protein layer was C3b°. These facts indicated that the complement system was
weakly activated. Deposition of Clq was examined to evaluate the contribution
of the classical pathway. C1q was hardly detected on any NH; /CHj3 mixed SAMs.
These results indicate that the protein layer adsorbed on the material surface weakly
triggered the complement system through the alternative pathway, as Nilsson et al.
reported.

For the series of NH, /COOH mixed SAMs (Fig. 2.5), the amounts of anti-C3b an-
tibody increased with increasing surface NH; concentration, with a maximum at ~
50 to 60% NH;, while for the same density of surface NH, groups, immobilization
of anti-HSA antibody showed a minimum for SAMs with ~ 50 to 60% NH; density
and then increased with increasing surface NH; concentrations. Only NH, /COOH
mixed SAMs with 50-60% NH; can activate the complement system.

Although amino groups are considered to be potent activators of the complement
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system through the alternative pathway’, the study in Chapter 1 demonstrated that
NH;-SAM and PEI coated surfaces are not effective activators of the complement
system contradicted this idea. As discussed in Chapter 1, positively charged amino
groups attract various negatively charged serum proteins, such as albumin, which
strongly adsorb on the surfaces through an electrostatic interaction under physio-
logical pH conditions. Surface coverage with the adsorbed protein layer interrupts
access of C3b to the surface amino groups, and thus, C3 convertase could not be
formed through interaction of surface-bound C3b with Bb. As similarly observed
with NH-SAM and PEI coated surfaces, the same mechanism prevents activation of
the complement system on NH;/CH3z mixed SAMs with any mixed ratios. On the
series of NH; /COOH mixed SAMs, only NH; /COOH mixed SAMs with 50-60%
NH; can effectively activate the complement system. The surface cationic charges
are neutralized by salt formation between the amino and carboxyl groups. Elec-
trostatic interaction between surface charges and serum proteins weakens. Serum
proteins cannot strongly adsorb onto the surfaces through an electrostatic interac-
tion under physiological pH conditions. In a series of reactions, C3b formed in
the liquid phase effectively approaches surface amino groups, becomes immobi-
lized and forms C3 convertase with B, forming C3bBb, and ultimately triggers the

complement activation through the alternative pathway.

2.5 Conclusion

Two series of mixed SAMs, NH,-terminated/CHjs-terminated and NH;-

terminated /COOH-terminated, were employed to assess effects of hydrophobicity
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and electrostatic charge upon the behavior of the complement system on these sur-
faces. NH,-terminated /CHj3-terminated mixed SAMs were not potent activators of
the complement system regardless of NH,/CHj ratios in mixed SAMs and there-
fore the hydrophobicity is not related to the activation of the complement system
onto the surface carrying the amino group. On the contrary, large amounts of C3b
and/or C3bBb were deposited during exposure to 10% serum onto NH,/COOH
mixed SAMs with 50-60% NH; density. These results suggest that complement
proteins, mainly C3, can easily access the nucleophilic NH; groups due to the
decrease of electrostatic interaction caused by the neutralization of the electrostatic

charge on that surface.
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Chapter 3

Complement activation by polymers carrying
hydroxyl groups

3.1 Introduction

When artificial materials come into contact with blood, the plasma proteins and
cells interact with the material surface. Various biological responses are induced,
such as adsorption of proteins, activation of the complement and coagulation sys-
tems, inflammatory reactions, and cell adhesion. For the development of bioma-
terials for use in biomedical devices that will be exposed to blood, the complete
understanding and control of these interactions are essential.

The complement system, a cascade of enzyme reactions involving approximately
30 fluid-phase and cell membrane-bound proteins, plays an important role in the
body’s defense systems against pathogens'. Activation of the complement system is
initiated through three pathways: the classical, lectin, and alternative pathways. The
classical pathway is initiated by the formation of immune-complexes*’, the lectin
pathway is triggered by the binding of mannose-binding lectin to carbohydrate
chains on foreign microorganisms*’, and the alternative pathway is activated by the
non-specific binding of complement protein C3 to nucleophilic groups on foreign

substrates®”.
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Complement activation by polymeric materials has been extensively studied in
relation to hemodialysis membranes. For example, dialysis membranes made of
cellulose or its derivatives activate the complement system®’. Crosslinked dextran
(Sephadex®) also activates the complement system'. Other studies indicate that
polymeric membranes carrying surface hydroxyl groups, or nucleophilic groups,
strongly activate the complement system through the alternative pathway' . In
contrast to these observations, Videm et al. reported that solutions of dextran,
which have a medicinal application as a blood substitute and a plasma expander,
did not strongly activate the complement system at the dextran concentrations used
in clinical settings'®. These studies were conducted by different research groups un-
der different experimental conditions, making direct comparisons difficult. These
seemingly contradictory results led us to question whether the state of the poly-
mer, either immobilized on a surface or free in solution, affects the complement
activation.

In this chapter, dextran and poly(vinyl alcohol)(PVA) were used as model poly-
mers carrying hydroxyl groups. The deposition of serum proteins and comple-
ment fragment C3b onto polymer-immobilized surfaces were examined by using
a surface plasmon resonance (SPR) apparatus. Using enzyme-linked immunosor-
bent assay (ELISA), the release of complement fragments C3a and SC5b-9 were also
compared after exposure of serum samples to either a polymer-immobilized surface

and to a solution of polymer dissolved in neutral buffer.
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3.2 Materials and methods

3.2.1 Preparation of serum and buffers

Blood samples, collected from eight healthy volunteer donors who had a meal at
least 4 h prior to donation, were pooled and mixed together. To separate serum,
aliquots (10 cm?) of the blood were divided equally into sterile glass tubes, left on a
clean bench at ambient temperature for 30 min for blood coagulation to occur, and
then centrifuged at 1100 x g at 4 °C for 30 min. The serum supernatants were then
pooled in a bottle, mixed well, and divided equally into vials in an ice bath, and
stored at —80 “C until use.

Veronal buffer (VB), composed of 5 mmol dm 2 sodium barbital (Nacalai Tesque,
Inc., Kyoto, Japan), 142 mmol dm—3 NaCl, 3.7 mmoldm—3 HC], 0.15 mmoldm 3
CaCl,, and 1.0 mmol dm~3 MgCl, (pH 7.4), was prepared according to the protocol
for CHsp measurement'. For investigations involving the inhibition of complement
activation, ethylenediamine-N,N,N’,N’-tetraacetic acid (EDTA, Dojindo Laborato-
ries, Kumamoto, Japan) was added to VB (without CaCl, and MgCl,) for a final
concentration of 10 mmoldm 3 (EDTA-VB). To block the classical pathway, O,0’-
bis(2-aminoethyl)ethyleneglycol-N,N,N’,N’-tetraacetic acid (EGTA, Sigma-Aldrich,
St. Louis, MO) and MgCl, were added to VB (without CaCl, and MgCl,) at final

concentrations of 10 mmol dm 2 and 2.5 mmol dm 3, respectively (EGTA-Mg>™).
3.2.2 Preparation of dextran-immobilized surface

Glass plates (BK7, refractive index: 1.515, size: 25 x 25 x 1 mm, Arteglass Asso-

ciates Co., Kyoto, Japan) were immersed for 5 min into a piranha solution (7:3 mix-
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ture of concentrated sulfuric acid and 30% hydrogen peroxide) at room tempera-
ture, washed three times with deionized water, sequentially rinsed three times with
deionized water and 2-propanol, and finally stored in 2-propanol until use. These
glass plates were dried under a stream of dried nitrogen gas and then mounted on
the rotating stage of a thermal evaporation coating apparatus (V-KS200, Osaka Vac-
uum, Ltd., Osaka, Japan). A chromium layer was deposited at 1 nm of thickness,
and then a gold layer was deposited at 49 nm of thickness onto the glass plates.
The gold-coated glass plate was immersed in an 1 mmoldm~2 solution of 11-
mercaptoundecanoic acid (Sigma-Aldrich, St. Louis, MO) in ethanol at room tem-
perature for 24 h to form a self-assembled monolayer (SAM) carrying carboxylic
acid functional groups. The plate was washed with ethanol three times and dried in
a stream of nitrogen gas. The plate was then immersed in a mixture of 0.1 mol dm 3
trifluoroacetic anhydride (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and
0.2 moldm—3 triethylamine (Nacalai Tesque, Inc., Kyoto, Japan) in anhydrous N,N-
dimethylformamide for 25 min to form interchain anhydrides' (Scheme 3.1A). The
plate was washed with dichloromethane, dried in a stream of nitrogen, and then im-
mersed in 10% dextran (MW: 200,000-300,000, MP Biomedicals, Solon, OH) solution
in dimethyl sulfoxide supplemented with 2 mg/cm? of 4-(dimethylamino)pyridine
(4-DMAP) (Nacalai Tesque) as a catalyst'. After incubation at 40 °C for 48 h, the

plate was washed with Milli-Q water, and stored in Milli-Q water until use.

3.2.3 Preparation of PVA-immobilized surface

The gold-coated glass plate was immersed in a 0.5 mmoldm~—3 solution of 11-

undecanal disulfide (ProChimia Surfaces Sp. z o0.0., Sopot, Poland) in ethanol at
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Scheme 3.1 Immobilization of dextran (A) and PVA (B) to SAMs on gold.

room temperature for 24 h to form aldehyde-terminated SAM (Scheme 3.1B). The
plate was washed with ethanol three times and dried in a stream of nitrogen gas.
The plate was then immersed in 1% PVA (DP = 1,700, DS = 98%, Unitika Ltd., Os-
aka, Japan) aqueous solution containing 0.1 moldm 2 HCl and incubated at room
temperature for 24 h. The plate was washed with Milli-Q water, and dried in a
stream of nitrogen gas. To block unreacted aldehyde groups, the plate was im-
mersed in a 1 moldm > aqueous solution of ethylamine hydrochloride. The plate

was washed with Milli-Q water, and stored in Milli-Q water until use.
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3.2.4 Surface characterization of dextran- and PVA-immobilized surfaces

X-ray photoelectron spectroscopy (XPS) was employed to obtain atomic composi-
tions of surfaces using an ESCA-850V instrument (Shimadzu Co., Kyoto, Japan).
Magnesium was used as a target of the electrons generated by the filament with an
electric current of 30 mA at 8 kV. The take-off angle of the sample surface was 90°
and the operating pressure was less than 1 x 107> Pa. All spectra were corrected
referring to the peak of Au4fy/, to 83.8 eV.

Infrared adsorption spectra of sample surfaces were collected by the reflection—
adsorption method (FTIR-RAS) using a Spectrum One spectrometer (Perkin-Elmer
Inc., Boston, MA) equipped with a Refractor™ (Harrick Scientific Co., Ossining,
NY) and a mercury—cadmium telluride (MCT) detector cooled by liquid nitrogen.
Glass plates with a gold layer of 199 nm thickness were used for FTIR-RAS analysis.

! resolution from 4000 to 750 cm ™! ) using

Spectra were acquired (128 scans at 4 cm™
the p-polarized infrared light at an incident angle of 75° in the chamber purged with
dry nitrogen gas.

Static water contact angles on surfaces were determined by the sessile drop
method using a contact angle meter (CA-X, Kyowa Interface Science Co. Ltd.,
Saitama, Japan) at room temperature. A 10 pl water droplet was placed on a

substrate and the contact angle was determined three times. This procedure was

repeated five times at different places on the same surface.
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3.2.5 Surface plasmon resonance (SPR)

The SPR apparatus employed in this study' was a home-made apparatus prepared
as described by Knoll®. The BK7 glass plate with the gold layer (49 nm in thick-
ness) was coupled to a hemicylindrical prism with an immersion oil (n = 1.515,
Cargille Laboratories, Cedar Grove, NJ). The sample surface was irradiated with a
p-polarized He-Ne laser light (A = 632.8 nm) through the prism. The intensity of
the reflected light was monitored as a function of the incident angle. The incident
angle, at which the reflectivity reached minimum, was described as the SPR angle.

The thickness of an immobilized polymer layer in air was also estimated by SPR.
The glass plate with the polymer layer was set on the SPR instrument and the
reflectivity was measured in air as a function of the incident angle of the laser
light. Thickness of the polymer layer was determined by the SPR angle shift using
Fresnel’s law for the multi-layer system, BK7/Cr/Au/SAM/polymer/air**'. The
refractive indices for SAM, dextran, and PVA were 1.45, 1.54 (value for cellulose

instead of dextran)®, and 1.52%, respectively.
3.2.6 Protein adsorption from human serum

Protein adsorption from undiluted human serum was examined by SPR. A flow
chamber with a sample plate was placed on a prism of the SPR apparatus, and
VB was circulated at a flow rate of 3.0 cm®/min in the flow chamber assembly.
Reflectance was monitored during the flow of the liquid samples at an incident
angle of 0.5° less than the SPR angle. Undiluted human serum was then introduced

into the flow chamber assembly for 90 min. To wash out serum from the sample
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surface, VB was introduced and circulated for an additional 20 min. All experiments
were performed at 37 °C. Introduction of undiluted human serum resulted in a large
increase in the reflectance (bulk effect) due to its high refractive index. To correct
for changes in the reflectance, standard solutions with different refractive indices
(Mill-Q water, VB, and 2 mol dm~3 NaCl) were employed.

To identify proteins deposited on the surface, solutions of specific antibodies
were flowed through the apparatus after exposure of the sample surface to hu-
man serum. A 1% solution of antiserum/antibody diluted in VB was flowed for
90 min onto the surface of the protein layer formed on the surface and then VB
was introduced for 20 min to wash out the antibody solution. Antibodies employed
were polyclonal rabbit anti-human C3b antiserum (RAHu/C3b, Nordic Immunol-
ogy, Tilburg, The Netherlands), polyclonal sheep anti-human C1q (PC020, The Bind-
ing Site Ltd., Birmingham, UK), and polyclonal goat anti-human IgG (109-005-088,
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). The thickness of the
protein layer was calculated from the shift in the SPR angle (ASPR) using Fresnel
fits for the system BK7/Cr/Au/SAM/protein/water, where the refractive indices
of SAM and protein were assumed to be 1.45. The amounts of proteins adsorbed
onto the surfaces were estimated from the thickness presuming that the density of
the protein layer was 1 as follows':

The amount of adsorbed protein (ng/ cm?) = 500 x ASPR(°) (3.1)

For studies requiring conditions that block complement activation, serum was
supplemented with EDTA at a final concentration of 10 mmoldm 3. To examine

the effects of inhibition of the classical and the lectin pathways, serum was sup-
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plemented with EGTA and MgCl, (final concentrations of 10 mmoldm~2 and 2.5

mmol dm~3, respectively).
3.2.7 Quantification of generated complement fragments

To prepare a cell, a silicone spacer (inner diameter: 20 mm, thickness: 1 mm) was
placed between the two test surfaces. Serum (approximately 340 pul) was injected
into the circular space in the cell and incubated for 90 min at 37 °C. Serum was then
collected and EDTA was added at a final concentration of 10 mmoldm~3 to halt
the complement activation. The concentration of the complement fragments (C3a
and SC5b-9) in the fluid phase was determined by commercially available enzyme-
linked immunosorbent assay (ELISA) kits (C3a: OptEIA Human C3a ELISA, BD

Biosciences Pharmingen, CA; SC5b-9: SC5b-9 plus ELISA, QUIDEL Corp., CA).

3.2.8 Quantification of generated complement fragments in polymer solu-
tion

Aliquots of dextran or PVA solutions in VB were added to human serum. The

tinal concentration of dextran or PVA in the assay was varied (dextran: 0.002-1%,

PVA: 0.001-0.1%) while the final concentration of serum was held constant at 95%.

Serum samples supplemented with EDTA and zymosan (10 mg/cm?®) were used

as negative and positive controls, respectively. The procedure for quantification of

complement fragments was the same as described above.

3.2.9 Statistical analysis

Significant differences between two groups were examined using Student’s t-test. A

p <0.05 was considered as statistically significant. All statistical calculations were
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performed by the software JMP ver. 7.0.1 (SAS Institute, Cary, NC).

3.3 Results

3.3.1 Surface characterization

Using FTIR-RAS, XPS, and water contact angle measurements, the dextran and PVA
immobilized onto SAMs on gold were characterized (Scheme 3.1).

Dextran was immobilized through ester bonds onto a COOH-SAM (Scheme
3.1A). FTIR-RAS spectrum for COOH-SAM showed asymmetric and symmetric
C-H stretching bands of methylene groups at 2922 cm~! and 2854 cm~! and two
C=0 stretching bands at 1739 cm~! and 1718 cm ™!, which were caused by the free
and hydrogen bonded carboxylic acids, respectively'® (Fig.3.1A). After treatment of
COOH-SAM with trifluoroacetic anhydride, two C=O stretching bands appeared
at 1819 cm~! and 1733 cm~!, which were assigned to in-phase and out-of-phase
stretching bands of the two coupled carbonyl groups, respectively'®. The spec-
trum of the dextran-immobilized surface showed new bands at 3100-3600 cm !,
assignable to an O-H stretching band, at 1148 cm~! and 1051 cm~! assignable to
C-O-C stretching®.

PVA was immobilized onto a SAM functionalized with aldehydes through acetal
bonds (Scheme 3.1B). The FTIR-RAS spectrum of the CHO-SAM shows two C-H
stretching bands at 2928 and 2852 cm ™!, which were assigned to the asymmetric
and asymmetric C-H stretching of methylene groups, respectively (Fig.3.1B). The
band observed at 1729 cm~! is assigned to the C=O stretching band of the car-
2425

bonyl group***. The spectrum of the PVA-immobilized surface shows new bands
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Fig. 3.1 FTIR-RAS spectra of modified gold surfaces. (A-a): COOH-SAM, (A-

b): Interchain anhydride-SAM, and (A-c): Dextran-immobilized surface. (B-a):

CHO-SAM, (B-b): PVA-immobilized surface and (B-c): PVA-immobilized surface

followed by blocking with ethylamine hydrochloride.
at 3100-3600 cm 1, assigned as an O-H stretching band, at 1145 cm~! and 1098
cm~! assigned respectively as the C-O stretching in the crystalline region and
the C-O stretching in the amorphous region, and at 845 cm~!, corresponding to
CH, rocking®. For the PVA-immobilized surface after blocking with ethylamine
hydrochloride, the intensity of the C=O stretching band at 1729 cm~! decreased
(Fig.3.1B-c).

Dextran- and PVA-immobilized surfaces were also characterized by XPS, wa-
ter contact angle, and SPR measurements (Table 3.1). Oxygen concentration in-
creased upon immobilization of either dextran or PVA. For CHO-SAM and PVA-
immobilized surfaces, N Is signals were observed when the free aldehyde groups
were blocked by ethylamine through Schiff base formation. The water contact angle
decreased after immobilization of either dextran or PVA. The relatively high water

contact angles for CHO-SAM and PVA-immobilized surfaces may be attributed to

introduction of hydrophobic ethylene chains after reaction with ethylamine. The
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Table. 3.1 Characteristics of polymer-immobilized surfaces. Data shown are
means =+ SD (n = 3).

Contact angle Atomic compositions (%) Thickness
®) C O N S (nm)
COOH-SAM 16.8+ 4.1 822+ 1.0 13.5+ 09 0 43+ 04 -
Dextran-immobilized 53+ 0.1 656+ 1.5 324+ 15 0 20+ 0.1 24+ 0.1
CHO-SAM 705+ 1.1 776+ 2.7 99+ 1.7 40+ 1.7 85+ 14 -
PVA-immobilized 368+ 1.4 712+ 1.0 239+ 1.8 21+ 0.8 28+ 09 1.7+ 0.0

thicknesses of the dextran and PVA layers in the dry state determined by SPR mea-
surements were 2.4 nm and 1.7 nm, respectively.
Taken together, these results indicated that dextran and PVA layers were success-

fully immobilized on SAMs as depicted in Scheme 3.1.

3.3.2 Complement activation on dextran or PVA immobilized surfaces ob-
served by SPR
Complement activation on dextran or PVA immobilized surfaces was examined us-
ing an SPR apparatus (Fig. 3.2 and 3.3). When COOH-SAM or dextran-immobilized
surfaces were sequentially exposed to VB and undiluted human serum, rapid in-
creases of the SPR angle were observed. These increments are due to the large
change in refractive indices when going from VB to human serum. The SPR an-
gle then slowly increased for COOH-SAM. For the case of the dextran-immobilized
surface, the angle gradually increased an additional 2.0° after several minutes of
induction time. When serum was removed by flushing VB through the system, the
SPR angle rapidly decreased due to the change in refractive index of the solution.
The SPR angle shift (ASPR) after the introduction of VB into the chamber (Fig.3.2A)
is attributed to protein adsorption (see Eq.3.1) and indicated that a larger amount

of serum proteins had adsorbed onto the dextran-immobilized surface as compared
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to COOH-SAM in undiluted serum. After the surfaces were washed with VB, an
anti-human C3b antiserum solution was applied to the surfaces carrying adsorbed
serum proteins to evaluate the amount of C3b or C3bBb which was produced by
complement activation (Fig.3.2B). The SPR angle shifts caused by binding of anti-
C3b antibody on the COOH-SAM and dextran-immobilized surfaces were 0.64° and
1.78°, respectively. The large amount of anti-C3b antibody bound on the dextran-
immobilized surface suggested that a major component in the layer of serum protein

on the surface was C3b or C3bBb.
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Fig. 3.2 SPR sensorgrams during exposure of COOH-SAM and dextran-
immobilized surfaces to normal human serum (A) and subsequent exposure to
anti-C3b antiserum (B). ASPR indicates an increase in SPR angle after exposure
to serum and subsequent rinse with buffer and corresponds to the amount of
adsorbed serum proteins according to Eq.3.1.

Complement activation on PVA-immobilized surface and its basal substrate
(CHO-SAM) was also examined by SPR (Fig.3.3). Aldehyde groups on both sur-
faces were blocked with ethylamine. For ethylamine-blocked CHO-SAM, the SPR

angle rapidly increased just after exposure to human serum and then was followed



86 Complement activation on surfaces carrying hydroxyl or amino groups

by a slow increase over 90 min of incubation (Fig.3.3A). The initial increase of the
SPR angle was due to the change of refractive indices from VB to serum (Fig. 3.3A).
For the case of PVA-immobilized surface, the SPR angle greatly increased to
2.0° after several minutes of induction time. The amount of adsorbed proteins
remaining on the PVA-immobilized surface after washing with VB exceeded that
for the CHO-SAM. The SPR angle shifts caused by binding of anti-C3b antibody on
the surfaces carrying adsorbed serum proteins were 0.91° and 1.72°, respectively
(Fig.3.3B), and suggested that a large amount of complement component, C3b or

C3bBb, was immobilized onto the PVA-immobilized surface.
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Fig. 3.3 SPR sensorgrams during exposure of CHO-SAM after blocking with
ethylamine hydrochloride and PVA-immobilized surfaces to normal human
serum (A) and subsequent exposure to anti-C3b antiserum (B). ASPR indicates an
increase in SPR angle after exposure to serum and subsequent rinse with buffer
and corresponds to the amount of adsorbed serum proteins according to Eq.3.1.

EDTA is known to inhibit all three pathways of complement activation, while
EGTA-Mg?" can inhibit only the classical and the lectin pathways. To distinguish

which of the complement pathways are activated on dextran- and PVA-immobilized
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surfaces, protein adsorption and subsequent binding of anti-C3b antibody were ex-
amined in serum supplemented with EDTA and with EGTA-Mg2+ (Fig.3.4). When
serum supplemented with 10 mmoldm~3 EDTA was employed, the amounts of
adsorbed proteins greatly decreased on all the dextran- and PVA-immobilized sur-
faces. In particular, protein adsorption on the PVA-immobilized surface was less
than ~ 60 ng/cm?, indicating that the PVA surface was practically resistant to
protein adsorption when the complement activation was inhibited. Binding of anti-
C3b antibody was not observed on either surface in the presence of EDTA. Thus,
the deposition of C3b or C3bBb on dextran- and PVA-immobilized surfaces shown
in Fig.3.2 and Fig. 3.3 was due to complement activation by any of the three path-
ways. However, in the presence of 10 mmoldm~3 EGTA and 2 mmoldm 2 Mg?*
in serum, the large amounts of adsorbed protein and bound anti-C3b antibody ob-
served on dextran- and PVA-immobilized surfaces did not differ significantly from
the serum controls in the absence of chelating agents. Taken together, these results
suggest that exposure of serum to dextran- and PVA-immobilized surfaces activated

the complement system through the alternative pathway.
3.3.3 Generation of complement fragments

The release of complement fragments C3a and SC5b-9 were compared by the ELISA
method after serum samples were exposed to surfaces carrying either immobilized
dextran or PVA or when mixed with solutions of dextran or PVA.

The amount of SC5b-9 was markedly increased when serum was exposed to sur-
faces carrying either dextran or PVA (Fig.3.5). Thus, this strong activation of the

complement system by dextran- or PVA-immobilized surfaces was consistent with
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Fig. 3.4 Amounts of serum proteins adsorbed on dextran (A) or PVA (B) im-

mobilized surface and subsequent anti-C3b antibodies bound to those surfaces

with a serum protein layer. Data shown are means & SD (n = 3). Serum, normal

human serum (NHS); serum + EDTA, NHS + 10 mmol dm—3 EDTA; and serum

+ EGTA, NHS + 10 mmol dm~3 EGTA + 2.5 mmol dm 3 MgCl,.
the results of the SPR measurements summarized in Fig.3.4. The amounts of dex-
tran and PVA on the surfaces, which were estimated from their thickness (Table 3.1),
were 1.5 pg and 1.1 pg, respectively, presuming that the densities of the polymer
layers were 1. In the experimental setting, 1.5 ug of dextran or 1.1 ug of PVA were
exposed to 340 ul serum. When the effects of soluble dextran and PVA on com-
plement activation were examined, polymer concentrations in serum ranged from
0.02 to 10 mg/cm? for dextran and from 0.01 to 1 mg/cm? for PVA. Even though
the amount of generated SC5b-9 increased as the concentration of added polymer
increased in the serum samples, these values were much lower than those observed
for immobilized surfaces. Even in the presence of 2200 times more soluble dextran
and 300 times more soluble PVA in the serum, the amount of released SC5b-9 did

not achieve the levels observed with the immobilized-polymer surfaces. Therefore,

dextran and PVA dissolved in serum cannot effectively activate the complement
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system.
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Fig. 3.5 Concentrations of SC5b-9 generated in serum exposed to four different
kinds of surfaces and serum mixed with soluble dextran or PVA. Data shown are
means + SD (n = 3). An asterisk denotes a significant difference (p < 0.05).

The amounts of C3a released were also determined (Fig. 3.6). Effects of the poly-
mer state on C3a release were not so clear, but followed the same general tendency
as those observed in SC5b-9 release. When dextran or PVA solutions were added
to serum, the levels of generated C3a were lower than those for dextran- and PVA-

immobilized surfaces.

3.4 Discussion

Dextran and PVA are water soluble, nonionic polymers carrying hydroxyl groups.

27-30

Since these polymers do not strongly interact with proteins*~’, surface modifica-

tion with these polymers should provide non-fouling surfaces and may be applied
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Fig. 3.6 Concentrations of C3a generated in serum exposed to four different
kinds of surfaces and serum mixed with soluble dextran or PVA. Data shown are
means + SD (n = 3). An asterisk denotes a significant difference (p < 0.05).
to medical devices and biosensors. However, protein adsorption behavior from
serum differs from that of a solution of a single protein. Protein adsorption was

11,12 and

previously examined on SAMs of alkanethiols carrying hydroxyl groups
hydroxyl-terminated oligo(ethylene glycol)”. Although those surfaces showed low
protein adsorption from solutions containing a single protein, large amounts of pro-
teins adsorbed on those surfaces and the complement system was strongly activated
when the surfaces were exposed to normal human serum. Such diverse behaviors
are expected to occur on dextran- and PVA-immobilized surfaces.

Crosslinked dextran (Sephadex®)!, dextran-grafted nanoparticles®, and PVA-

coated polyethylene tubes* strongly activate the complement system, but soluble
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dextrans do not, even at the concentrations found in plasma substitutes'®. The
present study was designed to investigate this discrepancy.

SPR measurements in this chapter clearly demonstrated that large amounts of
serum proteins were deposited on dextran- and PVA-immobilized surfaces (Fig. 3.2
and 3.3). Binding of antibody against C3b identified the deposited proteins as C3b
or C3bBb. Both non-specific protein adsorption and C3b deposition on these sur-
faces were greatly reduced in the presence of 10 mmoldm~—2 EDTA, which blocks
all three complement system activation pathways (Fig.3.4). These observations in-
dicated that the complement system was strongly activated by these surfaces.

The basal surfaces used for polymer immobilization (COOH-SAM for dextran,
CHO-SAM for PVA) also activated the complement system, but to a lesser extent
(Figs.3.2 and 3.3). Complement activation on material surfaces is closely related
to non-specific adsorption of serum proteins®. On COOH- and CHO-SAMs, the
amounts of bound anti-C3b were small compared with those of adsorbed serum
proteins, suggesting that serum proteins other than C3b adsorbed on the surfaces.
When dextran or PVA was immobilized, non-specific protein adsorption was
greatly reduced by the shielding effect of polymers. The contribution of the basal
surfaces to the complement activation is minimal, and data in this chapter indicate
that the complement system was mainly activated by dextran or PVA on the surface
of the substrate.

Three pathways can activate the complement system: the classical, the lectin,
and the alternative pathway. Complement activation via the classical pathway is

triggered by non-specifically adsorbed proteins such as immunoglobulins when ar-
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tificial materials are brought into contact with serum. Adsorption of immunoglobu-
lins on a material surface leads to rapid complement activation through the classical
pathway®. In an experiment executed in this chapter, binding of anti-IgG was not
observed on dextran and PVA-immobilized surfaces after short incubation (5 min)
of human serum, indicating that IgG did not adsorb on these surfaces (data not
shown). The lectin pathway is initiated by binding of the complex of mannose-
binding lectin and the mannose-binding lectin-associated serine proteases to ex-
posed mannose groups on the cell surface*”. Specific antibodies against dextran
in normal serum initiated the complement activation’’. Both the classical and the
lectin pathways can be inhibited by addition of EGTA-Mg?* in serum. For dextran-
and PVA-immobilized surfaces, blocking by addition of EGTA-Mg?* resulted in
only small decreases in the amounts of adsorbed proteins and bound anti-C3b
compared to control serum samples lacking EGTA-Mg?* (Fig.3.4). These results
suggest that complement activation on dextran- and PVA-immobilized surfaces is
mainly mediated by the alternative pathway and is initiated by immobilization of
C3b onto hydroxyl groups of dextran and PVA.

ELISA measurement showed that complement fragment SC5b-9 generated in
serum markedly increases when dextran- and PVA-immobilized surfaces contact
to serum (Fig.3.5). In contrast, C3a concentration exhibited a small increase for
dextran-immobilized surface compared with dextran solution (Fig.3.6). It was re-
ported that generated C3a adsorbs on material surface®. Since immobilized dextran
does not fully inhibit non-specific adsorption of serum proteins (Fig. 3.4A, serum +

EDTA), adsorption of C3a on dextran-immobilized surface is considered to occur,
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which results in a decrease in apparent concentration of C3a released in serum.
Nevertheless, C3a release exhibited same tendency as SC5b-9 release.

Dextran- and PVA-immobilized surfaces strongly activated the complement
system, but soluble polymers in serum could not. Thus, the state of the poly-
mer greatly modulates complement activation behavior. For dextran-coated
nanoparticles, it was reported that complement activation depends on dextran

conformation®"®.

However, the cause for the different behaviors in polymers
immobilized on substrates and soluble polymers is not clear yet. At this point,
following two mechanisms which induce the differences were speculated. Comple-
ment activation through the alternative pathway is initiated in the fluid phase with
spontaneous and continuous generation of C3b’. The C3b alters its conformation
resulting in exposure of a highly reactive thioester group on surface of a C3b

molecule®#!

. The thioester group becomes accessible for nucleophilic attack but
is readily hydrolyzed by surrounding water (half life: ~ 60 ps)*. When the
short-lived C3b is formed near surface carrying nucleophilic groups, it easily reacts
with nucleophilic groups and immobilized on the surface followed by formation
of a complex with factor B to give C3 convertase, or C3bBb. The C3bBb effectively
convert C3 to C3b near the surface, the C3b molecules near the surface shortly
immobilized on the surface and stabilized. Thus, the surface-bound C3b amplifies
the complement activation. On the other hand, when a polymer solution is
added to serum, spontaneously formed C3b is also stabilized by reacting with a

nucleophilic group of the polymer in the serum and then form a C3bBb. The C3bBb

effectively converts C3 to C3b, but the C3b hardly finds a nucleophilic group and
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thus reacts with it much more slowly than that formed near the surface carrying
nucleophilic groups, because a local concentration of nucleophilic groups near the
formed C3b is much lower in the serum than on the surface.

Binding of pro-enzyme factor B to surface-bound C3b and subsequent cleavage
of factor B by factor D yields C3bBb complex (C3 convertase), which converts C3
into C3a and C3b. In addition, it results in the formation of C3b2Bb (C5 conver-
tase), which cleaves C5 to ultimately lead to the terminal complement complex
C5b-9. While surface-bound C3b amplifies the complement activation, factor H
and I inactivate C3b. These amplification / inactivation reactions are considered to
be determined by accessibility of each factor to susceptible sites of surface-bound
C3b. Crystal structure of C3bBb* and three dimensional structure of C3bBb deter-
mined by electron microscopy* revealed that factor B binds to C3b apart from the
thioester domain, which contains thioester bond for covalent binding to surfaces.
Crystal structure of complex of C3b and factor H fragment (~ 31 kDa) also revealed
that factor H fragment binds large portion of C3b including the thioester domain®.
For C3b bound to dextran and PVA on surfaces, activator (factor B) is expected to
be able to interact with their binding sites, but full length factor H (155 kDa) and
I (88 kDa) hardly access to their binding site in C3b due to steric hindrance since
binding sites of factor H and I are surrounded by immobilized polymers and a
planer substrate. On the other hand, for C3b bound to a dextran and PVA soluble
chain in serum, regulators (factor H and I) maybe access to their binding site in
C3b, because C3b carries a relatively small soluble dextran or PVA chain.

To elucidate these speculations, an investigation of the effect of the water content
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of the PVA and dextran layers on the complement activation has been undertaken
and the effect of polymer sizes and geometries, that is, soluble polymer chains,
nano-gels and flat layers of dextran and PVA is intended to be examined, on the

complement activation. These results will be reported in due course.

3.5 Conclusion

It was clearly showed that dextran- and poly(vinyl alcohol)-immobilized surfaces
strongly activated the complement system, but soluble dextran or poly(vinyl al-
cohol) in serum could not, even when amounts of the soluble polymers added to
serum were 4 — 2000 times greater than those on the polymer-immobilized surfaces.
These results suggest that the physical states of the polymers, that is, immobilized

on the surface or soluble in serum, greatly modulate complement activation.
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Chapter 4

Effect of hydration of poly(vinyl alcohol) on
complement activation

4.1 Introduction

When artificial materials come into contact with blood, the plasma proteins and
cells interact with the material surface. Various biological responses are induced,
such as adsorption of proteins, activation of the complement and coagulation sys-
tems, inflammatory reactions, and cell adhesion. For materials for development of
biomedical devices that will be exposed to blood, the understanding and control of
these interactions are essential.

It has been demonstrated that protein adsorption behavior onto artificial mate-
rials from serum differs from that from a single protein solution. Protein adsorp-
tion on SAMs of alkanethiols carrying hydroxyl groups'* and hydroxyl-terminated
oligo(ethylene glycol)® were previously examined, and dextran or poly(vinyl alco-
hol) (PVA) immobilized surfaces were also examined in Chapter 3. Although those
surfaces showed low protein adsorption from solutions containing a single protein,
large amounts of proteins adsorbed on those surfaces from normal human serum.
This was mainly caused by the complement activation, a cascade of enzyme re-

actions involving approximately 30 soluble and membrane-bound proteins, which
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plays an important role in the body’s defense systems against pathogens®. In Chap-
ter 3, it was found that dextran and PVA immobilized on surfaces strongly activated
the complement system, but either of these polymers dissolved in serum could not.
In the series of experiments, it was also found that the complement activation abil-
ity of PVA, but not dextran, immobilized on surfaces highly depended on their
preparation methods.

In this chapter, the effect of water content in PVA layer on complement activation
was examined. PVA-immobilized surfaces were prepared by spin-coating of a PVA
solution on a self-assembled monolayer (SAM) carrying aldehyde. PVA layers with
various thicknesses were prepared by changing concentrations of PVA solutions
used for spin-coating. The PVA layers prepared were further annealed at 150 °C to
increase crystallinity, associated with a decrease in water content™®. Effects of these
differences on activation of the complement system were examined. The amounts
of serum proteins and complement fragment C3b deposited onto PVA surfaces were
determined by using a surface plasmon resonance (SPR) apparatus. The amounts
of complement fragments SC5b-9 released after exposure of serum to PVA surfaces

were also determined using enzyme-linked immunosorbent assay (ELISA).

4.2 Materials and methods

4.2.1 Preparation of serum and buffers

Blood samples, collected from eight healthy volunteer donors who had a meal at
least 4 hours prior to donation, were pooled and mixed together. To separate serum,

aliquots (10 cm®) of the blood were divided equally into sterile glass tubes, left on a
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clean bench at ambient temperature for 30 min for inducing blood coagulation, and
then centrifuged at 1100 x g at 4 °C for 30 min. The serum supernatants were then
pooled in a bottle, mixed well, and divided into polypropylene vials in an ice bath,
and stored at —80 °C until use.

Veronal buffer (VB), composed of 5 mmol dm—3 sodium barbital (Nacalai Tesque,
Inc., Kyoto, Japan), 142 mmol dm~—3 NaCl, 3.7 mmoldm—3 HCl, 0.15 mmoldm 3
CaClp, and 1.0 mmoldm—3 MgCl, (pH 7.4), was prepared according to the pro-
tocol for CHsg measurement’. For experiments under the condition that com-
plement activation is inhibited, Ethylenediamine-N,N,N’,N'-tetraacetic acid (EDTA,
Dojindo Laboratories, Kumamoto, Japan) was added to VB (without CaCl, and
MgCl,) to a final concentration of 10 mmol dm—3 (EDTA-VB). To block the clas-
sical pathway, ethylene O,O’-bis(2-aminoethyl)ethyleneglycol-N,N,N’,N’-tetraacetic
acid (EGTA, Sigma-Aldrich, St. Louis, MO) and MgCl, were added to VB (without
CaCl, and MgCl,) to the final concentrations of 10 mmol dm~3 and 2.5 mmoldm 3,

respectively (EGTA-Mg?").
4.2.2 Preparation of PVA spin-coated surface

Glass plates (BK7, refractive index: 1.515, size: 25 x 25 x 1 mm, Arteglass Associates
Co., Kyoto, Japan) were immersed for 5 min into a piranha solution (7:3 mixture
of concentrated sulfuric acid and 30% hydrogen peroxide) at room temperature,
washed three times with deionized water, sequentially rinsed three times with 2-
propanol, and finally stored in 2-propanol until use. These glass plates were dried
under a stream of dried nitrogen gas and then mounted on the rotating stage of

a thermal evaporation coating apparatus (V-K5200, Osaka Vacuum, Ltd., Osaka,
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Japan). A chromium layer was deposited to a thickness of 1 nm, and then a gold
layer was deposited to a thickness of 49 nm onto the glass plates.

The gold-coated glass plate was immersed in a 0.5 mmoldm 2 solution of 11-
undecanal disulfide (ProChimia Surfaces Sp. z o0.0., Sopot, Poland) in ethanol at
room temperature for 24 h to form aldehyde-terminated self-assembled monolayer
(CHO-SAM) (Scheme 4.1A). The plate was washed with ethanol three times and
dried in a stream of nitrogen gas. PVA layer was then formed on the CHO-SAM by
spin-coating of 0.1 or 1% PVA (degree of polymerization = 1700, degree of saponifi-
cation = 98%, Unitika Ltd., Osaka, Japan) solution in 0.1 mol dm—3 HCl at 3,000 rpm
for 60 sec. The plate was stored in a desiccator overnight. The plate was immersed
in water at 80 °C for 10 min to remove free PVA which had not been immobilized on
the surface. The plate was rinsed with MilliQ-water three times and dried under a
stream of nitrogen gas. For preparation of annealed PVA surfaces, PVA spin-coated
surfaces which had been immersed in water at 80 ‘C were incubated for 2 h at

150 °C.
4.2.3 Surface characterization of PVA spin-coated surfaces

Infrared adsorption spectra of sample surfaces were collected by the reflection-
adsorption method (FTIR-RAS) using a Spectrum One (Perkin-Elmer Inc., Boston,
MA) spectrometer equipped with a Refractor™ (Harrick Scientific Co., Ossining,
NY) and a mercury-cadmium telluride (MCT) detector cooled by liquid nitrogen.
Gold-coated glass plates with a gold layer at 199 nm in thickness were used for
FTIR-RAS analysis. Spectra were recorded using the p-polarized IR light at an in-

cident angle of 75° in the chamber purged with dry nitrogen gas for 128 scans at 4
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Scheme 4.1 (A) Immobilization of PVA to a SAM on gold. (B) An incubation
cell used for ELISA measurement. (C) Schematic representation of interaction
between PVA surfaces and complement proteins.
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Static water contact angles on the surfaces were determined by the sessile drop
method using a contact angle meter (CA-X, Kyowa Interface Science Co. Ltd.,
Saitama, Japan) at room temperature. A droplet (10 ul) of water was placed on

a substrate and the contact angle was determined three times. This procedure was

repeated five times at different places on the same surface.

4.2.4 Surface plasmon resonance (SPR)

The SPR apparatus employed in this study' was a home-made apparatus prepared

referring the report by Knoll"’. The BK7 glass plate with the gold layer (49 nm in
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thickness) was coupled to a hemicylindrical prism with an immersion oil (n = 1.515,
Cargille Laboratories, Cedar Grove, NJ). The sample surface was irradiated with a
p-polarized He-Ne laser light (A= 632.8 nm) through the prism. The intensity of
the reflected light was monitored as a function of the incident angle. The incident
angle, at which the reflectivity reached minimum, was regarded as the SPR angle.
The thickness of an immobilized polymer layer in air was also estimated in the
dry state by SPR. The glass plate with the polymer layer was set on the SPR instru-
ment and the reflectivity was measured in air as a function of the incident angle of
the laser light. Thickness of the polymer layer was determined by the SPR angle
shift using Fresnel’s law for the multi-layer system, BK7/Cr/Au/SAM/PVA /air'®!".

The refractive indices for SAM and PVA were 1.45 and 1.52'2, respectively.
4.2.5 Protein adsorption from human serum

Protein adsorption from undiluted human serum was examined by SPR. A flow
chamber with a sample plate was placed on a prism of the SPR apparatus, and
VB was circulated at a flow rate of 3.0 cm3/min in the flow chamber assembly.
Reflectance was monitored during the flow of the liquid samples at an incident
angle of 0.5° less than the SPR angle. Undiluted human serum was then introduced
into the flow chamber assembly and incubated for 90 min. To wash out serum
from the sample surface, VB was introduced and circulated for additional 20 min.
All experiments were performed at 37 °C. Introduction of undiluted human serum
resulted in a large increase in the reflectance (bulk effect) due to its high refractive
index. To correct for changes in the reflectance, standard solutions with different

refractive indices (Mill-Q water, VB, and 2 mol dm 3 NaCl) were employed.
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To identify proteins deposited on the surface, solutions of specific antibodies
were flowed through the apparatus after exposure of the sample surface to hu-
man serum. A 1% solution of anti-human C3b antiserum (RAHu/C3b, Nordic
Immunology, Tilburg, The Netherlands) diluted in VB was flowed for 90 min onto
the surface of the protein layer formed on the surface and then VB was introduced
for 20 min to wash out the antibody solution. The thickness of the protein layer was
calculated from the shift in the SPR angle (ASPR) using Fresnel fits for the system
BK7/Cr/Au/SAM/protein/water'®", where the refractive indices of SAM and pro-
tein were assumed to be 1.45. The amounts of proteins adsorbed onto the surfaces
were estimated from the thickness presuming that the density of the protein layer

was 1 as follows':

The amount of adsorbed protein (ng/ cm?) = 500 x ASPR(°) 4.1)

To study under the conditions that complement activation was blocked, serum
was supplemented with EDTA at a final concentration of 10 mmol dm~3. To study
under the conditions that complement activation via the classical and the lectin
pathways were blocked, serum was supplemented with EGTA and MgCl, at final

concentrations of 10 and 2.5 mmol dm 3, respectively.
4.2.6 Quantification of generated complement fragments

An incubation cell was prepared by placing a silicone spacer (inner diameter: 20
mm, thickness: 1 mm) between the two glass plates carrying a test surface for
determination of generated complement fragments (Scheme 4.1B). Serum (approx-

imately 340 pul) was injected into the circular space in the cell and incubated for 90
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min at 37 ‘C. Serum was then collected and EDTA was added to a final concentra-
tion of 10 mmol dm 2 to halt the complement activation. The concentration of the
complement fragments (SC5b-9) in the serum was determined by a commercially

available ELISA kit (SC5b-9 plus ELISA, QUIDEL Corp., CA).

4.3 Results

4.3.1 Surface characterization

A PVA solution in 0.1 moldm~2 HCl was spin-coated on a CHO-SAM on gold
(Scheme 4.1A). A PVA spin-coated surface was characterized by FTIR-RAS, SPR and
water contact angle measurements. A FTIR-RAS spectrum for a PVA layer prepared
by spin-coating of 1% PVA solution onto a CHO-SAM (Fig4.1a) showed asymmet-

1

ric and symmetric C-H stretching bands of methylene groups at 2922 cm™" and

2854 cm~!, respectively. Several other bands were also showed at 3100-3600 cm ™!
assigned to O-H stretching, at 1145 cm ™! assigned to C-C stretching in the crys-
talline region, at 1098 cm~! assigned to C-O stretching, and at 845 cm~! assigned
to CH, rocking®. When a PVA spin-coated surface was immersed in water at 80 °C
for 10 min, the intensity of all bands decreased, indicating that PVA molecules not
chemically bonded to surface CHO groups were removed (Fig4.1b, Scheme 4.1A).
When PVA was spin-coated onto a gold surface without CHO-SAM, PVA hardly
remained on the surface after immersion in hot water (data not shown). These re-
sults indicate that PVA is chemically immobilized onto a CHO-SAM through acetal

bonds. Annealing of PVA at 150 °C for 2 h slightly increased the peak at 1145 cm ™1,

suggesting that crystallinity of PVA layer increased by annealing (Fig4.1c). When
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a 0.1% PVA solution was employed, all peak intensities decreased (Fig4.1d), indi-
cating smaller amount of PVA immobilized on the surface than a 1% PVA solution
used. Thickness of PVA layers under dry state, which was determined by SPR mea-
surement, is 1.3 0.1 nm and 6.3 + 0.4 nm for 0.1% and 1.0% PVA solutions used,
respectively. Thickness of PVA layer increased with an increase in PVA concentra-
tion. From contact angle measurements (Table 4.1), the PVA layer prepared using
0.1% solution is more hydrophilic than that prepared using 1% PVA. Annealing

made the PVA surface slightly hydrophobic.

0.002
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%?
l

|
¢

4000 3000 2000 1500 1000 750
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?

Fig. 41 FTIR-RAS spectra of PVA surfaces: (a) as spin-coated with 1% solution;
(b) immersed in water for 10 min at 80 °C; (c¢) annealed for 2h at 150 °C; (d)
spin-coated with 0.1% solution and subsequently immersed in water at 80 °C.

Taken together, these results indicated that PVA layers were successfully formed

on CHO-SAM depicted in Scheme 4.1A.
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Table. 4.1 Characterization of PVA spin-coated surfaces.

Contact angle  Thickness of Amount of
PVA surfaces (degree) dry PVA (nm)? PVA (ng/cm?)P
0.1%° 36.7+ 1.8 1.3+ 0.1 169 + 13
1%¢ 537+ 2.0 74+ 04 957 + 46
1% (annealed) 620+ 3.3 64+ 0.1 826 + 10

ddetermined by a surface plasmon resonance apparatus
bcalculated from thickness supposing the density of PVA is 1.3.
Cafter immersion in water for 10 min at 80 ‘C

4.3.2 Complement activation on PVA-immobilized surface

Adsorption of serum proteins and complement activation on PVA-immobilized sur-
face was followed by an SPR apparatus. When surfaces were sequentially exposed
to VB and undiluted human serum, rapid increases in the SPR angles were observed
(Fig4.2A). The initial increments are due to the large change in refractive indices
between VB and human serum. The SPR angle gradually increased additional 1.3°
after several minutes of an induction period on PVA surface prepared using 0.1%
solution. When serum was removed by flushing VB through the system, the SPR
angle rapidly decreased due to decrease in refractive index of the solution. The
SPR angle shift (ASPR) before and after the PVA surface exposed to serum reflects
protein adsorption on the surface (see Eq. 4.1). Large amounts of serum proteins ad-
sorbed onto the PVA surfaces prepared using 0.1% PVA solution. After the surfaces
were washed with VB, an anti-human C3b antiserum solution was applied to those
surfaces to evaluate the amount of C3b or C3bBb which was produced by the com-
plement activation (Fig4.2B). The large SPR angle shift, 1.6° — 1.8°, was induced by

binding of anti-C3b antibody to the protein layers on the PVA surfaces. These large
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amounts of anti-C3b antibody bound on the surfaces suggest that a major compo-
nent in the layer of serum proteins formed on the surface was C3b or C3bBb. On
the other hand, very small amount of serum proteins adsorbed on a PVA surface
which was prepared by spin-coating 1% PVA solution, washed with 80 ‘C water
but without 150 ‘C annealing (Fig4.2A, ASPR= ~ 0.06°). Subsequent exposure to
anti-C3b antibody resulted in no increase of the SPR angle. These results indicate
that a PVA layer prepared with 1% solution is inert to either non-specific protein

adsorption or the complement activation.

(A) (B)
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Fig. 4.2 SPR sensorgrams during exposure of PVA surfaces to normal human
serum (A) and subsequent exposure to anti-C3b antiserum (B). ASPR indicates
an increase in the SPR angle after exposure to serum and subsequent rinsing with
a buffer and corresponds to the amount of adsorbed serum proteins according to
eq.4.1.

The complement system is activated through three pathways: the classical, lectin,
and the alternative pathway. Sera supplemented with EDTA or EGTA-Mg?* were
employed to distinguish the pathways through which the complement system was

activated by PVA spin-coated surfaces (Fig4.3). EDTA is known to inhibit all three
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pathways, while EGTA-Mg?* inhibit only the classical and the lectin pathways.
When serum supplemented with 10 mmol dm~3 EDTA was employed, the amounts
of adsorbed proteins greatly decreased on PVA surface prepared by spin-coating
0.1% solution. PVA surface, which was spin-coated with 1% solution and subse-
quently annealed, also demonstrated low level of protein adsorption in the pres-
ence of EDTA. These results clearly indicate that these PVA surfaces practically
resist to non-specific protein adsorption when the complement activation was in-
hibited. Immobilization of anti-C3b antibody was not observed on the surfaces in
the presence of EDTA either, indicating that deposition of C3b or C3bBb was due to
the complement activation. On the other hand, large amounts of adsorbed serum
proteins and bound anti-C3b antibody were observed on these PVA surfaces in
serum supplemented with 10 mmoldm—3 EGTA and 2 mmoldm ™3 Mg?". These
results suggest that these PVA surfaces activate the complement system through
the alternative pathway. In contrast, a PVA surface, which was prepared by spin-
coating 1% PVA solution, washed with 80 ‘C water but without 150 °C annealing,
exhibited low level of serum protein adsorption and no binding of anti-C3b even
when exposed to native serum, indicating the PVA surface prepared from 1% PVA
solution demonstrated both non-fouling for serum proteins and non-activating for

the complement system in any three kinds of sera.
4.3.3 Generation of SC5b-9

The generation of a soluble form of the membrane attack complex SC5b-9 was
also examined in serum after exposure to PVA surfaces. The complex is diverted

from membrane-associated C5b-9 by reacting with S protein (vitronectin), if cell
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Fig. 4.3 Amounts of serum proteins adsorbed on PVA surfaces and subse-
quent anti-C3b antibodies bound to those surfaces with a serum protein layer.
Data shown are means + SD (n = 3). Percent: PVA concentration for spin-
coating, EDTA: human serum + 10 mmol dm 3 EDTA, EGTA: human serum +
10 mmol dm~3 EGTA + 2.5 mmol dm~3 MgCl,. ND: not detected.

membrane does not exist and its concentration effectively reflects activation of the
common terminal pathway.

The SC5b-9 concentration markedly increased when serum was exposed to PVA
surfaces prepared by spin-coating 0.1% PVA solution (Fig4.4). This large amount
of SC5b-9 released in serum exposed to PVA spin-coated surface well agrees with
the results obtained from the SPR measurements shown in Fig4.2. PVA surface

prepared by spin-coating 1% solution showed small increase in SC5b-9 concentra-
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tion in native serum, indicating that the surface is low activator for the complement
system. Annealing of the PVA surface resulted in increase in amount of SC5b-9
release.

These results are consistent with the results of the SPR measurements, that is,
PVA thickness and surface concentration greatly modulate the complement activa-

tion behavior.

80

SC5b-9 concentration (ug/cm3)

Native 0.1% 1% 1%
serum (annealed)

Fig. 44 Concentrations of SC5b-9 generated in serum exposed to PVA surfaces.
Data shown are means + SD (n = 3). SC5b-9 concentration in serum exposed to
zymosan (10 mg/cm?) was 298 + 84 pg/cm?® (positive control).
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4.4 Discussion

PVA is a water soluble and nonionic polymer carrying hydroxyl groups and thus
forms a highly hydrated layer when it is immobilized on a surface. Protein ad-
sorption on PVA surface has been studied using solutions of a single protein such
as albumin, IgG, and fibrinogen. These studies demonstrated that it does not
strongly interact with any of these proteins®”. Surface modification with PVA gives
a non-fouling surface and thus has been applied to prepare medical devices and
biosensors®”. On the other hand, it has been reported that polymers carrying hy-
droxyl groups, such as cellulose and its derivatives, strongly activated the comple-
ment system and a large amount of C3b or C3bBb was immobilized on the their
surfaces from blood or serum. Protein adsorption on SAMs of alkanethiols carry-
ing hydroxyl groups'?, and hydroxyl-terminated oligo(ethylene glycol)’ were also
examined. Dextran- and poly(vinyl alcohol) (PVA)-immobilized surfaces were also
examined in Chapter 3. Although those surfaces showed low protein adsorption
from solutions containing a single protein, large amounts of proteins adsorbed on
those surfaces and the complement system was strongly activated when the sur-
faces were exposed to normal human serum. In the series of experiments, however,
it was also found that the complement activation ability of PVA, but not dextran,
immobilized on surfaces highly depends on their preparation methods.

PVA was immobilized onto a SAM functionalized with aldehydes through acetal
bonds (Scheme 4.1A) as previously described in Chapter 3. The thickness of PVA

layers was controlled by PVA concentrations used for spin-coating. Ethylamine was
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not employed to block unreacted aldehyde groups remaining underneath the PVA
layer in the present study. If the CHO groups under the PVA layer can react with
proteins in serum, a large amount of proteins immobilized in serum supplemented
EDTA should be observed. No protein adsorption, however, was observed. This
result indicates that no CHO group remained after PVA was immobilized or PVA
chains effectively prevented the interaction of serum proteins with basal CHO-SAM
surface, as described in Chapter 3.

SPR measurements in this chapter clearly demonstrated that large amounts of
serum proteins deposited on PVA surfaces spin-coated with 0.1% PVA solution
(Fig4.2 and 4.3) from undiluted human serum. Subsequent binding of antibody
against C3b identified the deposited proteins as C3b or C3bBb. ELISA measure-
ment for generated SC5b-9 also revealed that the complement system was strongly
activated by the surfaces. These results are consistent with those in Chapter 3, in
which PVA was immobilized on CHO-SAM by immersion into a PVA solution con-
taining 0.1 mol dm~3 HCI. Thickness of dry PVA layer (1.7 nm) was comparable to
present study (1.3 nm, Table 4.1). These results suggest that an ultra-thin PVA layer
immobilized on a substrate strongly activates the complement system.

The complement system is known to be activated through three pathways: the
classical, the lectin, and the alternative pathways. For material-induced comple-
ment activation, the classical and the alternative pathways are considered to occur®.
Complement activation via the classical pathway is triggered by non-specifically
adsorbed proteins such as immunoglobulins' when artificial materials are brought

into contact with blood or serum. For all PVA surfaces used in present study, non-
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specific adsorption of serum proteins was not observed in the presence of EDTA,
suggesting that immunoglobulins do not adsorbed to the PVA surfaces and thus
the complement system is not activated through the classical pathway. The com-
plement activation through the alternative pathway is initiated in the fluid phase
with spontaneous and continuous generation of enzymes that cleave C3 to C3a
and C3b"™. Upon cleavage, conformation of C3b changes to make a highly reactive
thioester group accessible for nucleophilic attack'*'®. The thioester group is readily
hydrolyzed by surrounding water (half life: ~ 60 ps)". When the short-lived C3b is
formed near surface carrying nucleophilic groups, it easily reacts with nucleophilic
groups and is immobilized on the surface followed by formation of a complex with
factor B to give C3 convertase C3bBb. The C3 convertase is a very strong activator
for the alternative pathway. PVA surfaces carry large amount of hydroxyl groups
which are not covered with non-specifically adsorbed serum proteins. C3b immobi-
lized on the PVA layer and thus a C3 convertase was formed. Thus the complement
system is considered to be initiated through the alternative pathway on the PVA
immobilized surface.

PVA layer prepared from 1% PVA solution, however, demonstrated resistance
to non-specific protein adsorption from human serum and complement activation.
This result suggests that surface structure of PVA layer greatly modulates the com-
plement activation behavior. PVA solution was also non-activator for the comple-
ment system as reported in Chapter 3. It is considered to be related to an ability
of complement proteins to interact with C3b bound to polymers. While binding

of factor B to surface-bound C3b amplifies the complement activation, factor H
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and I inactivate C3b. These amplification / inactivation reactions are considered to
be determined by accessibility of each factor to susceptible sites of surface-bound
C3b. Factor B binds to a site of C3b apart from the thioester domain, which contains
thioester bond for covalent binding to surfaces®?', while factor H fragment ( 31 kDa)
binds large portion of C3b including the thioester domain®. When C3b bound to a
PVA soluble chain in serum, regulators (factor H and I) easily access to its binding
site in C3b, as schematically shown in Scheme 4.1C. For PVA-immobilized surfaces,
complement activation behavior is expected to be affected by the water content of
PVA layer. For C3b bound to poorly hydrated PVA on surface, activator (factor B) is
expected to be able to interact with their binding sites, but factor H (155 kDa) and
I (88 kDa) hardly access to their binding site in C3b due to steric hindrance since
binding sites of factor H and I are surrounded by PVA chains and a planer sub-
strate. On the other hand, regulators (factor H and I) maybe access to their binding
site when C3b was bound to highly hydrated PVA on surface or in solution.

Much more interesting finding in this study is effect of heat treatment of PVA
layers on the complement activation. PVA layers were prepared by spin-coating of
1% PVA solution on CHO-SAM. Although the PVA layer without heat treatment is
not an activator of the complement system, the surface became a strong activator
after it was treated at 150 °C. It has been reported that annealing of PVA results
in an increase of crystallinity and a decrease of water content™®. FTIR-RAS spectra
(Fig4.1) showed a slight increase in the peak at 1145 cm~! assigned as the C-C
stretching in the crystalline region® after annealing. It has been also reported that

protein adsorption, platelet adhesion, and clot formation increased with decreasing
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water content of PVA film® or hydrogel®”*. The density and size of the microcrys-
tallites and the hydrated PVA chains are considered to affect protein adsorption.
However, crystallinity of thin PVA layer (thickness: ~ 6 nm) after annealing is un-
certain while crystallinity of PVA film and hydrogel (thickness: ~ 100 pm) varies
from 0.1 to 0.5 by annealing®”’. To elucidate properties determinant for complement
activation, water content of the PVA thin layer and its effect on the complement

activation need to be further investigated.

4.5 Conclusion

It was clearly demonstrated that the complement activation by PVA layers highly
depends on their water contents. These phenomena can be explained by accessibil-
ity of complement regulatory factors H (155 kDa) and I (88 kDa) to their binding

site in C3b.
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Chapter 5

Complement activation on degraded
polyethylene glycol-covered surface

5.1 Introduction

Surface modification with polyethylene glycol (PEG) is one of the most promising
strategies to prevent and/or reduce adsorption of proteins and the aftereffects of the
interaction of body fluids with biomaterials'?. PEG has also been used for pharma-
ceutical applications to shield antigenicity of proteinaceous drugs and to prolong

the circulating half-life of drug-loaded nanoparticles and liposomes™®.

However,
unanticipated body reactions such as hypersensitivity caused by PEG-modified
liposomes® and rapid clearance of PEG-modified liposomes from blood'® have been
reported. Activation of the complement system has been suggested as being asso-
ciated with these body reactions''. The complement system, which plays important
roles in the body’s defense system against pathogenic xenobiotics, is an enzyme
cascade system that consists of approximately 30 fluid-phase and cell-membrane
bound proteins'. It is activated through three separate pathways: the classical
pathway (CP), the lectin pathway(LP), and the alternative pathway (AP) (Scheme 1

in General Introduction). Understanding the interaction of complement proteins

with the PEG-modified surface may provide a basis for developing PEG-modified
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materials for biomedical and pharmaceutical use.

In a previous study®, complement activation behaviors were examined on PEG-
modified surfaces; however, there were uncertainties about the experimental setup.
First, diluted (10%) normal human serum (NHS) was used, and it has been reported
that activation of the alternative pathway may be diminished with use of diluted
serum'*. In addition, the PEG-modified surfaces were not sufficiently character-
ized. In the current study, a PEG-modified surface on a gold surface was prepared
using a self-assembled monolayer of a-mercaptoethyl-w-methoxy-polyoxyethylene
(HS-mPEG). Then, detailed surface analyses of PEG-modified surfaces were carried
out using the reflection-adsorption method (FTIR-RAS) and X-ray photoelectron
spectrometry (XPS) and activation of the complement system were examined using
undiluted NHS to obtain more detailed insight into the mechanisms of complement

system activation by the PEG-modified surfaces.

HS-mPEG
HS-CH,CH,(OCH,CH,) -OCH,
|

mMPEG surfaces

mPEG surfaces examined after preparation procedure : “naive mPEG"
mPEG surfaces stored in —20 °C freezer for 12 days . “F-mPEG"
mPEG surfaces stored in a dessicator under room light . “R-mPEG"
mPEG surfaces irradiated with UV light for 60 min. : "UV-mPEG"

Scheme 5.1 Schematic illustration of a surface modified with methoxy-capped
PEG.
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5.2 Materials and methods

5.2.1 Reagents and antibodies

HS-mPEG (SUNBRIGHT ME-050SH, Mn = 5000, NOF Corporation, Tokyo, Japan)
was used as provided. Barbital sodium, calcium chloride, magnesium chlo-
ride, and O,O’-bis(2-aminoethyl)ethyleneglycol-N,N,N’,N’-tetraacetic acid (EGTA)
(all purchased from Nacalai Tesque, Inc., Kyoto, Japan) and ethylenediamine-
N,N,N’,N’-tetraacetic acid (EDTA; Dojindo Laboratories, Kumamoto, Japan) were
of reagent grade. EDTA cheletes Ca?>" and Mg?" cations and inhibits all three
activation pathways of the complement system. EGTA with abundant Mg?* cation
captures Ca®* cation and thus inhibits the classical and the lectin pathways of the
complement system. Ethanol (reagent grade, Nacalai Tesque) was deoxygenized
with nitrogen gas bubbling before use. Water was purified with a Milli-Q system
(Millipore Co.). Polyclonal rabbit anti-human C3b antibody (RAHu/C3b) was
purchased from Nordic Immunological Laboratories (Tilburg, The Netherlands)

and its solution prepared and stored in accordance with supplier instructions.

5.2.2 Preparation of NHS and buffers

All participants enrolled in this research provided informed consent, which was ap-
proved and accepted by the ethics review board of the Institute for Frontier Medical
Sciences, Kyoto University. Blood was donated from 10 healthy volunteers who had
consumed a meal at least 4 h before the donation. The preparation method for the
NHS has been described elsewhere®. Briefly, the collected blood was kept at am-

bient temperature for 30 min and centrifuged at 4 ‘C. Supernatant was pooled and
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mixed and stored at —80 °C until use. Veronal buffer (VB) was prepared referring to
a protocol of CHsp measurement’®. To prevent complement activation completely,
10 pl of 0.5 mol dm 3 EDTA aqueous solution (pH 7.4) was added to 490 ul of NHS
(final concentration of EDTA, 10 mmol dm~3). To block the classical pathway of the
complement system, 10 ul of a mixture of 0.5 moldm~3 EGTA and 0.1 moldm 3
MgCl, aqueous solution (pH 7.4) was added to 490 pul of NHS (final concentration

of EGTA, 10 mmol dm—3; Mg?*, 2 mmol dm~3).

5.2.3 Preparation of self-assembled monolayer (SAM) of HS-mPEG

Glass plates were coated with gold as previously reported”. The gold-coated glass
plate was immersed in a 4 mmol dm~3 solution of HS-mPEG in a 1:6 mixture of
Milli-Q water and ethanol at room temperature for at least 24 h to form the HS-
mPEG-coated surface (Schemeb5.1). Finally, the glass plate carrying a monolayer
of HS-mPEG was sequentially washed with ethanol and Milli-Q water three times
with each and then dried under a stream of dried nitrogen gas. The plate carrying
a monolayer of HS-mPEG (naive mPEG) was subjected to complement activation
tests. The plates were stored in a desiccator under room light for a predetermined
time to assess the effects of deterioration of the mPEG layer on complement ac-
tivation (R-mPEG). To observe more directly the effects of UV oxidation, surfaces
carrying HS-mPEG were UV irradiated at 20 cm from a 15-W germicidal lamp (Mat-
sushita Electric Industrial Co., Ltd., Osaka, Japan) in air at room temperature for
60 min (UV-mPEG)"”(Scheme5.1). Plates carrying 11-mercaptoundecanol (Sigma-
Aldrich Co., St. Louis, MO, USA) were formed as previously reported'”'® and used

as a positive control.
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5.2.4 Surface analyses of modified surfaces carrying HS-mPEG

Infrared (IR) adsorption spectra of sample surfaces were collected by the reflection-
adsorption method (FTIR-RAS) using a Spectrum One (Perkin-Elmer, USA) spec-
trometer equipped with a Refractor™ (Harrick Sci. Co., NY, USA) in a chamber
purged with dry nitrogen gas and a mercury-cadmium telluride detector cooled
by liquid nitrogen. Gold-coated glass plates with a gold layer of 49 nm thickness
were used for FTIR-RAS analysis. Spectra were obtained using the p-polarized IR
light at an incident angle of 75° for 128 scans at 4 cm ™! resolution from 4000 to 750
cm~!. Surfaces were also analyzed by using XPS. The XPS spectra of the surfaces
were collected by an ESCA-850V (Shimadzu Co., Kyoto, Japan), with a magnesium
target and an electric current through the filament of 30 mA at 8 kV. The pressure
of the analysis chamber was less than 1 x 10~° Pa. All spectra shown in the figures

were corrected by reference to the peak of Au4fy, to 83.8 eV.

5.2.5 Total protein and C3b deposition observed by surface plasmon reso-
nance (SPR)
An home-made SPR apparatus was used in this research'. Gold-coated glass plates
with a gold layer of 49 nm thickness were used. Undiluted NHS or NHS supple-
mented with EDTA or EGTA was injected into a flow cell, and change in the SPR
angle was monitored as a function of time for 90 min. After the NHS was washed
out with VB, a solution of rabbit anti-human C3b antiserum diluted to 1% with VB
was applied to detect C3b and C3b degraded products, and the change of the SPR

angle was estimated to determine antibody binding on the surface.
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Protein layer thickness was calculated from the SPR angle shift using Fresnel
fits for the system BK7/Cr/Au/SAM/protein/water'®. Both refractive indices of
SAM and protein layers were assumed to be 1.45"%", and the density of the protein
layer was assumed to be 1.0. From these values, the amounts of proteins adsorbed
onto the surfaces could be estimated from the following simple relation'’:

1.0 degree SPR angle shift (DA) — 0.5 ug of protein on 1 cm? of the surface (5.1)

5.2.6 Release of the soluble form of the membrane attack complex, SC5b-9,
and anaphylatoxins C3a and Cba
A hand-made incubation chamber was used to examine release of SC5b-9, C3a-
desArg and Cb5a-desArg when NHS samples were exposed to different surfaces.
The chamber was composed of two glass plates carrying the same sample surfaces
and a silicone gasket of 1 mm thickness with a hole of 20 mm in diameter. After
NHS samples were incubated in the chamber for 1.5 h at 37 °C, they were col-
lected and EDTA was immediately added to a final concentration of 10 mmol dm 3
to stop further activation of the complement system. Commercial enzyme-linked
immunosorbent assay (ELISA) kits (for C3a-desArg detection: BD OptEIA Human
C3a ELISA, BD Biosciences Pharmingen, CA, USA; for C5a-desArg detection: BD
OptEIA Human Cba ELISA, BD Biosciences Pharmingen, CA, USA; for the sol-
uble form of membrane attack complex — SC5b-9: Quidel SC5b-9(TCC) EIA kit,
Quidel Corp., CA, USA) were used to determine the fragments, C3a-desArg and
C5a-desArg, and the complex, SC5b-9, in the collected NHS samples. The measure-

ment procedure was performed in accordance with supplier instructions.
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5.2.7 Statistical analysis

Data from the experiments are expressed as the mean =+ standard deviation. A one-
way analysis of variance (ANOVA) was used to identify the statistical significance
of the data. ANOVA was followed by post-hoc pair-wise t-tests adjusted using

Holm’s method and employing R language environment ver. 2.9.1%.

5.3 Results
5.3.1 Analyses of HS-mPEG surfaces

FTIR adsorption spectra and XPS spectra were obtained to study HS-mPEG SAM
formation and its deterioration during storage under ambient conditions and in a
—20 °C freezer (F-mPEG). Fig.5.1A shows the C-O-C stretch region of the IR spec-
tra and Fig. 5.1B shows the C Is region of the XPS spectra for naive mPEG, F-mPEG,
R-mPEG, and UV-mPEG. Signal intensities obtained from R-mPEG and UV-mPEG
surfaces significantly decreased in the region of C-O-C stretch of the IR spectra.
For XPS spectra, the intensity ratios of C1s over Au4f signals also decreased with
storage under the ambient conditions or treatment by UV irradiation. These re-
sults suggest that the mPEG layers became thinner by degradation of mPEG chains
or that an mPEG surface became heterogeneous by removal of some part of the
mPEG surface during storage and UV irradiation. Fig.5.1 also includes the result
of an mPEG surface that was stored in a —20 °C freezer for 12 days (F-mPEG).
The F-mPEG surfaces did not demonstrate such changes in either the FTIR adsorp-
tion spectra or XPS spectra. Therefore, the mPEG surface could be stored without

damage in a —20 °C freezer for at least 12 days.
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Fig. 5.1 Analyses of mPEG—carrying surfaces.

FTIR-RAS spectra and peak areas of C-O-C stretch region (A); error bars repre-
sent £ SD (n=8). XPS spectra of carbon atoms and intensity ratios of CIs over
Au4f signals of mPEG carrying surfaces (B); error bars represent = SD (n=9).

(—): naive HS-mPEG, (---- ): F-mPEG, (---):

surfaces.

R-mPEG, (- ): UV-mPEG
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5.3.2 Protein adsorption and C3b deposition onto mPEG-HS surfaces

When mPEG surfaces were exposed to NHS, an SPR apparatus was used to follow
protein adsorption and activation of the complement system. Fig.5.2 shows SPR
sensorgrams for the naive mPEG, F-mPEG, and R-mPEG surfaces. Initially sharp
increases in SPR angle shifts were the result of a larger refractive index of NHS than
VB (Fig.5.2A). For the cases of naive mPEG and/or F-mPEG surfaces, no additional
increase in SPR angles was observed during exposure to NHS. When NHS was
washed out by infusion of VB, the SPR signals rapidly decreased to the low pre-
exposure levels. The SPR angle shifts indicate that small amounts (0.04 ug/ cm?) of
proteins adsorbed onto the naive mPEG and F-mPEG surfaces. On the other hand,
the SPR angle shift continuously increased during exposure to NHS on the R-mPEG
surface. After the surface was exposed to NHS for 90 min, NHS was washed out
by infusion of VB. A large shift in SPR angle (1600 mDA) was still observed. The
amount of adsorbed proteins estimated from the SPR angle shift was 0.8 pg/cm?.
When the complement system is activated through any of the three pathways,
C3b is immobilized on surfaces, as Scheme 1 in General Introduction illustrates. Af-
ter NHS was washed out, a solution of anti-C3b antiserum was applied to examine
the existence of C3b and C3b degraded products in the protein layers formed on
the mPEG surfaces (Fig.5.2B). The SPR angles gradually increased with time. Only
0.17 and 0.19 pg/ cm? of anti-C3b antibody were immobilized on the naive mPEG
and F-mPEG surfaces, respectively. On the other hand, a much larger amount of
anti-C3b antibody (0.95 ng/ cm?) was bound on the protein-adsorbed layer formed

on the R-mPEG surface. These results indicate that the naive mPEG surface deteri-
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Fig. 5.2 SPR sensorgrams.

During exposure of undiluted NHS to HS-mPEG surfaces (A). Sequential expo-
sure of 1% anti-C3b antiserum to the surfaces (B). (—): naive HS-mPEG, (----- ):
F-mPEG, (---): R-mPEG, (- ): UV-mPEG surfaces. DA: degrees of angle.

orated during storage under ambient conditions and acquired the ability to activate
the complement system.

Fig.5.2 also includes behaviors of protein adsorption and anti-C3b antibody de-
position on the UV-mPEG surface. They were the same on the UV-mPEG surfaces
as on the R-mPEG. Irradiation with UV light could accelerate the deterioration of
the HS-mPEG surface, and the mPEG layer gained the ability to activate the com-

plement system.
5.3.3 Release of C3a, SC5b-9, and Cha

C3 is cleaved into C3a and C3b in the contact activation of the complement system
on artificial materials. The C3 convertase, C3bBb, which forms on artificial materi-
als, cleaves the a-chain of C3, generating C3a and C3b, and then the smaller 9-kDa

anaphylatoxin C3a is released into the fluid phase and rapidly cleaved to form
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C3a/C3a-desArg. Thus, the presence of C3a/C3a-desArg in the fluid phase indi-
cates activation of the complement system. Fig. 5.3A shows the results for C3a/C3a-
desArg levels in NHS samples applied to naive mPEG, R-mPEG, and UV-mPEG.
Amounts of C3a-desArg released into NHS samples on the R-mPEG and UV-mPEG
surfaces were significantly greater than those on naive mPEG surfaces.

A terminal complement complex, C5b-9, is generated by the assembly of C5
though C9 as a consequence of activation of the complement system. In the ab-
sence of a target cell membrane (that is, activation on artificial materials), it binds to
regulatory proteins, like the S protein, and is released to serum as a non-lytic SC5b-
9 complex. When the complement system is activated on mPEG surfaces, SC5b-9
is expect to be released into serum. Fig.5.3B summarizes the released amounts of
SC5b-9 identified when NHS samples were incubated with naive mPEG, R-mPEG,
and UV-mPEG. Although a small amount of SC5b-9 was found when naive mPEG
surfaces were examined, large amounts of SC5b-9 were observed in NHS samples
exposed to the R-mPEG and UV-mPEG surfaces. Those amounts were much larger
than those observed in NHS samples exposed to OH-SAM, which has been reported
to be a strong complement activator’.

The C5 convertases (C4b2a3b : the classical and the lectin pathways, C3bBb : the
alternative pathway) cleaves the a-chain of C5, generating C5a and C5b, and then
the smaller 11-kDa anaphylatoxin Cb5a is released into the fluid phase and rapidly
cleaved to form Cba-desArg. Thus, the presence of C5a/Cba-desArg in the fluid
phase also indicates activation of the complement system. The generated amounts

of C5a-desArg were also determined, showing a tendency that was almost the same
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Fig. 5.3 Release of C3a-desArg, SC5b-9, and Cba into NHS.

Undiluted NHS was exposed to CH3-, OH-SAM, and naive mPEG, R-mPEG and
UV-mPEG surfaces. CHj3- and OH-SAM were used as negative- and positive-
controlled surfaces, respectively, for complement activation, and zymosan was
used to fully activate complement. Experiments were repeated 3 times for each
surface.

C3a-desArg (A): amounts of C3a in naive undiluted NHS and fully activated by
incubation with zymosan were 3.3 &+ 0.6 pug/ cm® (n=3) and 56.2 + 4.5 ug/ cm’
(n=3), respectively; error bars represent & SD.

SC5b-9 (B): amounts of SC5b-9 in naive undiluted NHS and fully activated by
incubation with zymosan were 0.3 4+ 0.03 ug/cm3 (n=3) and 310 + 34 pg/cm?
(n=3), respectively; error bars represent £ SD.

Cba-desArg (C): amounts of Cba in naive undiluted NHS and fully activated by
incubation with zymosan were 0.010 + 0.007 ug/ cm? (n=3) and 3.0 + 0.2 ug/ cm?
(n=3), respectively; error bars represent £ SD.
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as that for SC5b-9 measurements (Fig. 5.3C).

5.3.4 Activation pathway

Whereas addition of EDTA to NHS inhibited all three activation pathways, addition

of EGTA-Mg?" can inhibit the classical and lectin pathways, but not the alternative

pathway.
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Fig. 5.4 Effect of EDTA and EGTA added to NHS on complement activation on
R-mPEG surfaces.

SPR sensorgrams during exposure of NHS (A), and sequential exposure of 1%
anti-C3b antiserum to the surfaces (B). (- - -): NHS (same data in Fig. 5.2), (----):
NHS supplemented with 10 mmol dm 3 EDTA, (—): NHS supplemented with
10 mmoldm—3 EGTA (with 2 mmoldm—3 Mg2+). DA: degrees of angle.

Fig.5.4 and Fig.5.5 show effects of addition of EDTA and EGTA-Mg?* on the
complement activation. When an R-mPEG and UV-mPEG surface was exposed to
NHS supplemented with 10 mmoldm~3 EDTA, the amounts of adsorbed serum
proteins and anti-C3b antibody bound were greatly reduced. Practically no protein

adsorbed onto the surface in the presence of EDTA. In NHS samples supplemented

with 10 mmol dm 3 EGTA (with 2 mmoldm ™3 Mg?"), protein adsorption was re-
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Fig. 5.5 Effect of EDTA and EGTA added to NHS on complement activation on
UV-mPEG surfaces.

SPR sensorgrams during exposure of NHS (A), and sequential exposure of 1%
anti-C3b antiserum to the surfaces (B). (-~ ): NHS (same data in Fig. 5.2), (---):
NHS supplemented with 10 mmol dm~3 EDTA, (—): NHS supplemented with
10 mmol dm~3 EGTA (with 2 mmoldm~—3 Mg?"). DA: degrees of angle.

tarded but gradually increased at 20 min after exposure. Using anti-C3b antibody,
A large amount of C3b/C3bBb and C3b degraded products in the protein-adsorbed
layer was detected. These results indicate that the complement system was def-

initely activated through the alternative pathway on the R-mPEG and UV-mPEG

surfaces.

5.4 Discussion

Although PEG has been widely used for preparation of biomedical devices and
drug carriers to reduce interaction of artificial materials with proteins and cells,
unanticipated body reactions such as hypersensitivity reactions caused by PEG-
modified surfaces have been reported®®. Body reactions against PEG-modified

surfaces should be carefully examined. In an previous study', naive mPEG, and
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R-mPEG and UV-mPEG surfaces were exposed to 10% diluted NHS and then anti-
C3b antiserum was applied to see immobilization of C3b on these surfaces. A
large amount of anti-C3b antibody was found on R-mPEG and UV-mPEG surfaces,
but not naive mPEG. These results suggest that naive mPEG is not an activator
of the complement system, but R-mPEG and UV-mPEG surfaces are strong acti-
vators. More relevant supporting data was need to conclude it and to identify
activation pathways. In this study, complement activation by the latter two surfaces
was further confirmed by releases of C3a-desArg, C5a-desArg and SC5b-9 into lig-
uid phase NHS. Even with blocking of the classical and lectin pathways by the
addition of EGTA-Mg?* to NHS, R-mPEG and UV-mPEG surfaces can activate the
complement system. It was concluded from all of these data that R- and UV-mPEG
surfaces activate the complement system through the alternative pathway.

In an previous study', a surface carrying tri(ethylene glycol)-terminated alka-
nethiol (HS-TEGOH) was examined as an activator of the complement system.
When the classical pathway was blocked with EGTA-Mg?™", deposition of proteins,
including C3b, on it was delayed from 0 min and 40 min by addition of EGTA-
Mg?* to 10% NHS. Several groups have reported that a protein layer containing
IgG formed on artificial materials starts the activation of the complement system
through the classical pathway and then an amplification loop of the alternative

21-24

pathway follows***. Complement activation should be carefully examined under
more physiologically relevant conditions. It was expected that amounts of proteins

(including IgG and IgM) deposited on naive mPEG surface increase with increas-

ing serum concentration and thus it becomes an activator. No proteins adsorption,
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however, was detected on naive mPEG surface when it was exposed to undiluted
NHS. It indicates that naive mPEG neither activates complement system through
the classical nor the alternative pathway even in undiluted NHS.

Kiwada’s group reported that PEG-modified liposomes activate the complement
system, resulting in opsonization of liposomes®”?*. When the spleen of a recipient
was removed, no opsonization was observed. From this fact, they inferred that anti-
PEG IgM*?* secreted from the spleen® activated the complement system on PEG
liposomes through the classical pathway. Serum donors in this chapter had not
been exposed to PEG-modified substances; thus, it is difficult to predict whether
they carried anti-PEG IgM or IgG antibodies.

R-mPEG and UV-mPEG surfaces showed a 64% and 43% decrease in C-O-C
peak area of IR spectra and a 43% and 36% decrease in C/Au ratios of XPS spectra,
respectively. These decreases might arise from (1) the heterogeneous removal of
whole HS-mPEG chains from gold surfaces or (2) removal of low molecular weight
substances produced by degradation of PEG chains on the specimens. Protein ad-
sorption was examined onto a bear Au surface, a large amount of proteins, 0.49
ng/cm? and 0.89 pg/cm?, was found on it when it was exposed to NHS and 1%
y-grobulin/VB solution, respectively. In the former situation, proteins should be
adsorbed onto the bare area of the surface with surface exposure to NHS supple-
mented with EDTA. As Fig.5.4 shows, however, no protein adsorption was ob-
served. This finding indicates that the latter situation is more likely. It has been
reported that PEG chains are degraded through mechanical shocks, heating, and

irradiation with light*®**. Mkhatresh et al.*® proposed a degradation mechanism of
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PEG chains under light irradiation as follows:

O
—O0—CH,—CH,—0— ——— —O—CliH—CHZ—O—
OOH

beta-scission

H,CO + HO—CH,—CH,—O— +——— _O_ﬁ —H + HO—CH,—O—

O
The resulting fragments of PEG chains carry OH groups at the chain ends. The

nucleophilic OH groups have been reported to strongly activate the complement
system through the alternative pathway. As mentioned previously, complement ac-
tivation on the mPEG surfaces robustly correlates with decreased PEG chain length
on the surfaces. These facts indicate that the PEG layer easily deteriorated, result-
ing in formation of a surface carrying nucleophilic OH groups, and thus gained
the ability to activate the complement system through the alternative pathway after

storage in a dessicator under ambient light for several days or after UV irradiation.

5.5 Conclusion

A PEG-modified surface strongly activates the complement system through the al-
ternative pathway after its storage under ambient conditions for several days. After
storage of the PEG-modified surface under ambient conditions for several days,
FTIR-RAS and XPS both revealed deterioration of the PEG layer, resulting in for-
mation of a surface carrying OH groups, and thus gained the ability to activate
the complement system. PEG-modified artificial materials, proteins, and liposomes

should be carefully stored.
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Summary

Chapter 1

The complement system is strongly activated by surfaces carrying nucleophilic
groups, such as OH groups, and triggered by deposition of complement protein
fragment, C3b. Surfaces carrying amino groups, the other representative nucle-
ophilic group, are expected to be potential activators of the complement system
through the alternative pathway. Few studies thus far have examined the potential
of artificial materials carrying amino groups in activating the complement system.
In this study, an NH,-SAM and a PEl-coated surface were employed as model sur-
faces to study interactions between amino groups and serum complement pathway.
SAMs of 11-mercaptoundecanol (OH-SAM) and 1-dodecanethiol (CH3-SAM) were
used as control surfaces, respectively. Although much protein was adsorbed from
serum solutions on the two types of amino surfaces, amounts of C3b deposition
were much less than those observed on OH-SAM. Amounts of C3a released on the
amino surfaces were the same levels as that of CH3-SAM, but significantly smaller
than that on OH-SAM. These facts suggest that the nucleophilic amino groups on
NH;-SAM and PEI-coated surfaces do not directly activate the alternative path-
way, but the protein-adsorbed layers formed on amino surfaces activate it, but to
an extent much smaller than that on OH-SAM. In addition, no deposition of Clq

molecules on the amino surfaces was found, suggesting that these surfaces fail to

147
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activate the classical pathway. However, more careful studies are needed to con-
clude it, because it is known that C1q is only transiently detected at typical classical

activation interfaces.

Chapter 2

Some studies have demonstrated that amino groups, acting as nucleophiles, are ac-
tivators of the complement system, but others not. To clarify these contradictory
results, complement activation on two series of NH, /CHj3 and NH; /COOH mixed
SAMs were examined. NH;/CHjz-mixed SAMs were not potent activators of the
complement system regardless of the ratio of NH;/CHj in mixed SAMs. Numer-
ous serum proteins, such as albumin, were adsorbed onto those SAMs and formed
a protein layer which inhibited access of C3b to amino groups. In contrast, much
C3b and/or C3bBb were deposited on NH; /COOH-mixed SAMs with ~ 50-60%
NH; density on the surface and SC5b-9 was found in serum exposed to this SAM,
indicating activation of the complement system. These results suggest that C3b can
easily access nucleophilic NH; groups due to the decrease of electrostatic interac-

tion between negatively charged proteins and the NH,; SAM surface.

Chapter 3

Hydrogels of polymers carrying surface hydroxyl groups strongly activate the com-
plement system through the alternative pathway, although it has also been reported
that solutions of polymers do not. To address these curious, inconsistent results, the
effect of polymer states, either immobilized on a surface or dissolved in serum, on

the complement activation was examined using a SPR apparatus and ELISA. It was
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clearly showed that dextran- and PVA-immobilized surfaces strongly activated the
complement system, but that soluble polymers could not, even when the amounts
of the soluble polymers added to serum were 4-2000 times higher than those on the

polymer-immobilized surfaces.

Chapter 4

Polymers carrying hydroxyl group have potential ability to activate the complement
system when contact with blood. However, there are still unclearness in effects
of their surface structure on complement activation. In this study, complement
activation by PVA layers formed on surface was examined. The complement system
was strongly activated by PVA surface with a dry thickness of 1.7 nm, while it was
poorly activated by PVA surface with a dry thickness of 6.3 nm. Annealing of the
latter for 2 h at 150 °C convert the surface into complement activating surface. These
results suggest that complement activation highly depends on hydration states of

PVA layers.

Chapter 5

Surface modification with polyethylene glycol (PEG) has been employed in the
development of biomaterials to reduce unfavorable reactions. Unanticipated
body reactions, however, have been reported, with activation of the complement
system suggested as having involvement in these responses. In this study, a
PEG-modified surface on a gold surface using a monolayer of a-mercaptoethyl-w-
methoxy-polyoxyethylene (HS-mPEG) was prepared. Neither protein adsorption

nor activation of the complement system was observed on the PEG-modified
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surface just after preparation. After storage of the PEG-modified surface in a
desiccator under ambient light for several days or following UV irradiation,
reflection-adsorption (FTIR-RAS) and X-ray photo spectrometry both revealed
deterioration of the PEG layer, which became a strong activator of the complement

system through the alternative pathway.
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