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General Introduction

Elastin, a network of polypeptide chains, is responsible for the elastic
properties of blood vessel walls and connective tissues. It has a strong
tendency to associate with various amphiphilic substances, such as
fatty acids, bile acids, cholesterol and other lipoitic materials!-9).
Binding of these substances to the elastin of the arterial intima
probably is one of the earliest stages in the formation of atherosclerotic
plaque. Claire et al.3) found a large accumulation of free, i.e.
nonesterified, fatty acids in atherosclerotic lesions. Kagan and
coworkers1:3:4) performed in vitro experiments, showing that elastin
with fatty acids and bile acids are more susceptible to enzymatic
proteolysis than elastin itself. This implies that these substances
enhance the degradation of elastin. Both binding of fatty acids and
enzymatic degradation of elastin promote a decrease in elasticity of the
elastin. As a result, the pulsating ability of the vessel wall decreases.
For these reasons, it would be of greatest interest to study the
interaction between lipoitic material and elastin. In this study we
investigated the (competitive) absorption of sodium salts of fatty acids
as a function of their chain length and the influence of this absorption
on the elastic properties of elastin.

1.1 Elastin

Elastin consists of a random network of polypeptide chains, which
contains mainly (95%) hydrophobic amino acid residueslOl. The
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polypeptide chains are interconnected by covalent cross-links. The
oxygen and nitrogen atoms in the polypeptide chain form hydrogen
bridges, which makes elastin hard and brittle. To acquire rubber
elasticity, elastin requires water or another polar solvent to break down
the hydrogen bridges.

Figure 1.1 Schematic illustration of the architecture of an elastin strip

(a} Elastin is made up of a bundle of ifllaments. (b} Cross-section

through one filament, showing a network of polypeptide chains

Light and electron microscopic investigations have shed light on the
morphology of elastin. Elastin from bovine ligamentum nuchae consists
of 5 to 8 um diameter fibers that run essentially parallel to the long
axis!1). In figure 1.1 a schematic illustration of the architecture of an
elastin fiber is given. According to Gotte et al 12), an elastin fiber
contains filaments of 3 to 4 nm diameter, having an average separation
between their centers of two adjacent filaments of 5 nm. The filaments
are arranged approximately parallel to the fiber axis. Similar
conclusions were drawn by Pasquali-Ronchetti et al 13) and Forniers et
all4) Ruggeri et all3 concluded from freeze etching that elastin consist
of filaments of 6 to 7 nm, which become roughly parallel to the axis of
the fiber upon stretching.
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The polypeptide chains in elastin contain 3 to 8 cross-links per 1000
amino acid residues 16), The chains hetween two cross-links comprise
approximately 70-80 amino acid residues!7.18), In figure 1.2 the
structure of the most important cross-links, desmosine and
isodesmosine are shown 19). The cross-links are formed by reaction of 4
lysine residues 20-23), catalyzed by the enzyme lysyl oxidase. The
quaternary ammonium group is a very strong base, which can be
titrated beyond pH=11.5.

_COOH
COOH (CHyly QR COOH
NH, o NH
— /
({CH2 (CHy), C—K  R—C(CHy); (CHy)g .C—R
NH NcooH  y Soon
2 H'2 +
| NH,,
[?H2)4 ($H2]4 (CH,)3 .?—R
C—R
NH,” ‘f\ COOH Pan COOH
R NH, COOH

Figure 1.2 (a) Desmosine and (b) isodesmosine. (R is the polypeptide chain)

By analysis of tryptic peptides derived from tropo elastin (precursor of
elastin), it was demonstrated that elastin is characterised by the
presence of several repeating sequences2329 These repeating
sequences make up £20% of the elastin. The longest and most frequent
sequence is the one containing the polypentapeptides valine-proline-
glycine-valine-glycine (VPGVG)130). This sequence comprises 10% of
the total amount of amino acid residues in elastin. Urry et al showed
that synthesised (VPGVG} gg forms P turns, which, by raising the
temperature, coils into helical arrays, called the B spiral 31). Although B
turns possibly occur in elastin, there is no reason to assume that
elastin is a non random polymer. On the contrary, the glass transition
occurring in elastin!7.18,32-35) can only be explained by assuming
random conformational distribution along the polypeptide backbones.
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The amino acid analysis of the samples are given in table 1.1

Table 1.1 Amino acid analysis of elastin in residues per 1000

residues
Cysteic acid 5.8
Hydroxyproline -
Aspartic acid 6.4
Threonine 9.2
Serine 9.1
Glutamic acid 16.9
Proline 121.3
Glycine 330.6
Alanine 2234
Valine 132.3
Isoleucine 25.2
Leucine 65.2
Tyrosine 7.2
Phenylalanine 31.8
Lysine 4.2
Hydroxy lysine -
Histidine 0.5
Arginine 6.3
Isodesmosine 1.2
Desmosine 1.6

The majority of the amino acid residues are non-polar. The fraction of
the number of polar amino acid residues is less than 10%. Because of
the relatively hydrophobic nature of elastin, water is a rather poor
diluent. The saturation with water amounts to 0.5 g/g dry elastin. The
absence of hydroxylysine indicates that the elastin sample is not
contaminated with collagen. Proton titrations of elastin at various
concentrations of indifferent electrolyte {(i.e. KCl) reveal that the point of
zero charge is at pH=3.3, i.e. under physiological conditions it is
negatively charged.

1.2 FAS

In this study we used sodium salts of naturally occurring fatty acids
(FAS) with various chain lengths. Their gross formula and some other
relevant properties are summarised in table 1.2. The FAS belong to the
association colloids. This implies that beyond a given concentration, the
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so-called critical micelle concentration {CMC), the monomers associate
to form micelles. At concentrations beyond the CMC, the concentration
of free, non associated molecules is essential equal to the CMC. Values
of the CMC are included in table 1.2.

Table 1.2 Relevant properties of FAS used in this study

sodium salt  gross formula Mol. weight CMC*
(g/mol) {mol/dm?3)
lauric acid C11Ho3C00 Nat 222 2-102
myristic acid Cj3Hy7C00" Nat+ 250 2.9 103
palmitic acid C,gH3,;C00- Na* 278 3.9-6.5 -10-4
oleic acid C;7H4;C00- Na*t 304 1.4 -10-3

*The CMC values refer to 70°C and high pH. They are obtained from
tables published by Mukerjee and Mysels 36) (In some cases the values
were derived by extrapolating from daia given at other temperatures).

The diameter of a FAS micelle can be estimated by calculating the
volume of a micelle, using the number of monomers in a micelle, i.e.
ca. 80 and the volume per CHy group, which is 30-10-30m3. It follows
that the diameter of a micelle varies between 4 and 6 nm, depending on
the chain length of the FAS. The pores in the elastin filament are
smaller (see figure 2.1). This implies that the micelles can not enter the
elastin filament,

To achieve good solubility of the FAS, the experiments were performed
under alkaline conditions, i.e. in borate buffer of pH=10, in which the
ionic strength is adjusted to 0.15M, unless otherwise stated.

1.3 Outline of the present study

In chapter 2 several experiments are discussed, which give insight into
the interaction mechanism between elastin and FAS. Attention will be
paid to the absorption kinetics, whereby the short (up to 10h) and long
term (10h to several days) absorption will be distinguished. In the short
term experiments we attempt to characterise the interaction
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mechanism between elastin and FAS. In the long term absorption, the
uptake of FAS is coupled with degradation of elastin. The influence of
the chain length of the FAS and of the pH of the solution on this
degradation is determined. The affinity of the various FAS for elastin is
investigated from binding isotherms, whereby degradation has to be
taken into account. FAS absorption is accompanied by absorption of
solvent, which leads to swelling of elastin. The uptake of FAS, todether
with the swelling, is followed as a function of NaCl concentration; This
enables calculation of the osmotic pressure between the elastin network
and the solution.

Elastin behaves as a rubber, which implies that the chains between the
cross-links in the elastin network are in rapid motion. This is only
possible if a large number of conformations are available to the peptide
units in the polypeptide chains. When an externally applied stress is
imposed, the chains between the cross-links are stretched, thereby
reducing the number of possible conformations. This results in a
retractive force. Hence, the elasticity of elastin has an entropic nature.
In chapters 3, 4 and 5, the influences of the FAS on the elastic
properties of elastin are discussed.

In chapter 3 we consider the influence of the FAS on the elasticity
modulus, which is the stress divided by the strain. Attention is paid to
the direct {caused by the mere presence of FAS in the network) and the
indirect (changes of the network caused by the absorption of FAS)
influences on the elasticity. Both aspects are investigated with static
and dynamic modulus measurements.

In chapter 4 we discuss changes in conformational distribution of the
polypeptide chains between two cross-links in elastin due to FAS
absorption. The allowed conformations of the chains depend on the
rotational freedom of the chain bonds, which, in turn, depend on the
size of neighbouring groups and the rotational freedom of neighbouring
bonds. In view of this, it might be expected that the conformational
distribution of the chains changes upon FAS absorption. These changes
are detected by static elasticity and thermo-elastic measurements.

In chapter 5, the influence of the FAS on the rubber-glass transition is
discussed. Upon lowering the temperature, the number of accessible
rotational states around a chain bond decreases as a result of
decreasing thermal energy. Ultimately, over a small temperature




General Introduction 7

interval, rotational transitions become rare within the time of
measurcemernt. The sample looses its thermo-elastic behaviour and a
stiff, brittle structure results, which is the glassy state. The glass
transition is characterised by a change in the heat capacity of the
sample. As the number of accessible conformations of a chain depends
on its environment, binding of FAS may influence the transition from
rubber into glass. This transition of elastin and elastin-FAS complexes
were measured by following the heat capacity of the sample.

In the summary, an overview of the results, concerning the absorption
of FAS in elastin, and its influence on the elasticity is given.
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Absorption of FAS in elastin

2.1 Introduction

In this chapter we describe the absorption of fatty acids salts (FAS) in
elastin with view to characterise the interaction mechanism. Elastin is
an hydrophobic polypeptide, which implies that the interaction between
FAS and elastin is at least partly of hydrophobic nature!.2). Therefore
we investigated the influence of the apolar chain of the FAS on
absorption by varying the chain length.

Attention will be paid to the absorption kinetics, whereby short (up to
10h) and long term (10h to several days]) absorption will be
distinguished because different physical processes occur. For instance,
upon long exposure of elastin to FAS solution, degradation of elastin
occur. The influence of the chain length of the FAS and the pH of the
solution on this degradation is discussed. Because the absorption of
FAS is reversible, the affinity of the FAS for elastin can be determined
by calculating the standard Gibbs energy from the binding isotherms.
The absorption of FAS is accompanied by absorption of solution. The
uptake of FAS together with the swelling is followed as a function of
NaCl concentration in solution. This enables calculation of the osmotic
pressure between the elastin network and the solution, giving insight in
the degradation mechanism of elastin during absorption.

After studying the absorption mechanism, the influence of FAS on the
rubber-elastic behaviour will be discussed in the following chapters.
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2.2 Methods
2.2.1 Absorption as a function of time

Elastin was purified from bovine ligamentum nuchea obtained at a local
slaughterhouse. The procedure was described by Patridge et al.3), The
samples were scraped free from exiraneous tissue, cut into thin strips
and extensively rinsed with distilled water. The strips were autoclaved
twice for 6h at 120°C and thoroughly washed again. Then they were
dried at 80°C to constant weight and stored over silica in a dessicator.
The absorption experiments of the fatty acid salts (FAS] in elastin have
been performed under alkaline conditions at a temperature of 70°C in
order to achieve good solubility of FAS. For the same reason all
solutions have been made in borate buffer of pH = 10 in which the ionic
strength was adjusted to 0.15M by adding NaCl.

Table 2.1 Survey of the absorption experiments.

absorption = FAS concentration elastin solution
type per sample  per sample
short absorption time
single laurate 2,5 10and 250 mg 100 cm3
myristate 20 g/dm3
palmitate
competitive  lau-myr 5 g/dm?3 250 mg 100 cm3
lau-pal of each
myr-pal FAS
long absorption time
single laurate 5,10 g/dm3 100 mg 50 cm?3
myristate
palmitate
competitive lau-myr 5 g/dm3 of 100 mg 50 cm3
lau-pal each FAS
myr-pal

The experiments are divided in short (up to 10 hours) and long term
absorption experiments (up to 200 hours). The different types of FAS
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and the mixtures that were studied, are given in table 2.1. Both single
component absorption as well as competitive absorption have been
studied.

The experiments were carried out in the following way: Samples of dry
elastin, having a length of approximately 5 mm and a cross section of
approximately 10 mm?2, were immersed in buffer solutions at 70°C.
After two hours, when the elastin was saturated with buffer, the elastin
samples were transferred to the buffered FAS solutions. The amounts of
clastin and the volumes of the solutions are, for cach experiment, given
in table 2.1.

After various incubation times, samples were removed from the
solutions, dried and weighed in order to determine the amount of
absorbed FAS as a function of time. The experiments were performed in
duplicate.

In the competitive absorption experiments, the ratios of the different
absorbed FAS were established together with the total FAS absorption.
This has been done by gas chromatography. To this end, the FAS were
methylated according to the following procedure: First the FAS were
desorbed from elastin by transferring the elastin-FAS complex to water
at 70°C. To check if all FAS were desorbed, the mass of elastin hefore
absorption was compared with that after desorption. The methylation
required a water-free environment. This was achieved as follows. First a
few drops of concentrated HoS04 (98%) and one part of methanol was
added to one part of FAS in water. H2504 converted the FAS into fatty
acids. One part of this solution was extracted with two parts of hexane,
After extraction, all FAS were in the hexane phase in the form of fatty
acids. The hexane phase was separated from the water phase and dry
fatty acid residues were obtained by evaporation of the hexane in a
rotation vaporiser.

For the methylation, 4 cm3 0.5N methanolic KOH was added to the
residue. The mixture was boiled for 5 to 10 minutes under reflux, to
dissolve the residue. Then, 5 cm3 14% BH3 in methanol was added
through the refluxer, followed by boiling during 2 minutes.
Subsequently 2 to 3 cm3 hexane were added and the solution was
boiled for another minute. The receiver flask was taken from the heater
and a saturated aqueous solution of NaCl was added till the hexane
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phase was in the neck of the receiver. After this, an exactly weighed
amount of margaric acid methyl ester dissolved in 2 cm? hexane, used
as an internal standard, was added to the hexane phase. Finally, the
hexane phase was secparated from the saturated NaCl solution and
dried over Na2304. The amount of each fatty acid in the sample was
determined by gas chromatography4.

2.2.2 Absorption as a function of FAS concentration

The method to determine the absorption as a function of FAS
concentration is similar to the method described in the preceding
section. Absorption also took place under alkaline conditions (pH 9, 10
and 11) and at 70°C. Strips of elastin were cut into small pieces and
about 100 mg of dry elastin was immersed in 50 cm3 FAS solutions of
varying concentrations. In order to test the influence of the nature of
the polar head group of the surfactant on its affinity to bind to elastin,
hexadecane sulfonate has also been included in the experiments. After
incubation times of 10 h, 3 or 7 days, elastin was removed from the
solution and the absorbed amount determined gravimetrically.

Elastin with absorbed FAS was transferred to pure water at 70°C for
one or two days, to desorb FAS from the elastin. To check reversibility,
the mass of elastin before absorption was compared with that after
desorption

2.2.3 Absorption as a function of cggit.

Strips of approximately 8 cm length and cross section of 10 mm?2 were
immersed in buffer solution. After 4 hours, when the strips were
saturated with buffer, they were removed from the solution and the
lengths were determined. Next, the strips were immersed in 10 g/dm3
FAS solution of various ionic strengths. As in most experiments, the
FAS solutions were prepared in buffer of pH = 10. The amount of NaCl
which was added to the buffer varied between 0 and .20 mol/dm3.
After various incubation times, the strips were removed from the
solutions, after which the length was measured.

The amount of absorbed FAS was also determined, by weighing dried
strips before and after FAS desorption respectively. Prior to re-
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immersing the strips in the FAS sclutions, they were moistened in
steam, to re-adjust the volume to the value before drying. Then the
procedure was repeated.

2.2.4 Degradation of elastin caused by FAS absorption

Strips of elastin of about 8 cm length and cross section of 10 mm?2,
were immersed in buffer solutions. After reaching equilibrium the
lengths of elastin strips were determined. Then, the strips were
transferred to FAS solutions of 10 g/dm3. After an incubation time of
approximately 2 days, the strips were re-immersed in pure water of
70°C in order to desorb the FAS. Afier desorption the length of the strip
was measured. The strip was re-immersed in the FAS solution and the
whole procedure was repeated at various incubation times.

2.3 Results and discussion
2.3.1 Absorption as a function of time
2.3.1.a Single component absorption: Short incubation time

In figure 2.1 the absorption of FAS from sclutions of various
concentrations is shown as a function of time during the first 10 hours
of incubation. During the first two hours, the amount of FAS in elastin
increases very fast. Thereafter the absorption rate decreases. It appears
that, for each FAS, the absorption increases with concentration, even
for concentrations above the critical micelle concentration (see table

2.2). it continues to increase.

Table 2.2 CMC's of the FAS B

FAS CMC

laurate 4.4 g/dm3
myristate 0.7 g/dm3
palmitate 0.2 g/dm3
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In chapter 1, it has been argued that micelles of FAS cannot enter the
network. This implies that only free FAS molecules can bind into
elastin. Although it remains possible that bound FAS molecules
associate with each other. It might be expected that the absorption does
not substantially increase with increasing concentration beyond the

CMC, bhecause

in that case the concentration of free FAS is
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approximately constant. However, FAS absorption in elastin continues
to increase heyond the CMC. So the driving force is the difference in the
affinity of the monomers for micelles and elastin. It is concluded that,
above the CMC, FAS molecules bind to elastin rather than to each other
in a micelle. Hence, the micelles may be considered as reservoirs from
which monomers are released to become bound to elastin.

@ 0.2
.
X
<gasf
o
8
o.1}f 8
n
Q.05 8]
Figure 2.2 The uptake of (0] laurate,
(0) myristater [A) palmitate after an
I 1 incubation time of 4 h
Q 5 10 15

Cprasg (g/dm?

In figure 2.2 the amounis absorbed after four hours of incubation are
given as a function of FAS concentration in solution. The figure shows
that the variation in the absorbed amounts of the different FAS
molecules is very small, especially at concentrations below 4.4 g/dm3,
This is an interesting result. In the low concentration range laurate is
present in solution as moncmers, whereas myristate and palmitate
molecules are mainly present in micelles, It supports the conclusion of
the preceding paragraph that micelles disaggregate and that monomer
FAS molecules are transported into the elastin network.

Absorption kinetics

The simplest mechanism, which could possibly account for the
observed, is based on the assumption that there are absorption sites,
that these sites are equivalent and that the ability of the FAS molecule
to bind is independent of whether or not neighbouring sites are
occupied. Such a mechanism may be expected to apply in the initial
stages of uptake. In later stages FAS may also attach to other molecules
that are already bound, to form aggregates. The validity of such an
initial mechanism can be explored by investigating the influence of the
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concentrations of reactants on the absorption rate. It seems plausible
that the rate is dependent on the concentration of FAS in the solution
within the elastin network and the number of available absorption
sites. The absorption rate can be expressed as the following second
order differential equation:

dA
a‘=kaCFAs(X—A)—de [21]

where X is the number of absorption sites in mol per gram elastin and
A the number of sites occupied by FAS molecules (also expressed in
mol/g). k, and kg are constants for the rates of absorption and
desorption, respectively. By comparing the diffusion coefficient of
various substances®6.7), the diffusion coefficients of a FAS monomer in
the network is estimated to be of the order 10-9-10-10 m2s-1, It takes
0.3 to 3 h to saturate an elastin strip with cross-sectional area of
10 mm2. Equation 2.1 counts for that part of elastin, that contacts the
saturated FAS-solution. The concentration of FAS, ¢pug, in the network
is considered to be the same as the concentration in bulk solution.
During each uptake experiment the bulk concentration remains
approximately constant.

Equation 2.1 may be rewritten as

da
ar ky CrasX - A(ka Crast kd) [2.2]

Here, k, cpas X and kg cpastkg are constants, for which we write k; and
kp respectively:

Y 12.3]

e, —
Defining y=k; -k, A . so that A =1k—y and dAz——kl—dy. we obtain:
2 2
u(A) t
[ o[-kt [2.4]
wa=0) ¥ o
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which gives upon integration:

yla)
I~ et [2.5]

or, in terms of kg and kg

1 FaCras X — Alkg ey +ieg) — e c

KaCrasX

AL 2.61

Substituting k,/K for k; we obtain:

A 1 k
Inf1-={1+ =—[k c +—a}t [2.7]
FAS
[ X{ KCFASD a K

This second order absorption mechanism is tested by applying
equation 2.7. To that end, values for X, K and k, are needed.

An estimation of X will be given in section 2.3.2, table 2.3 of this
chapter. It amounts to 0.6 £ 0.2 mmol per gram elastin. In that section
it will also be shown that during long term absorption X increases.
However, during the first 10 hours of incubation X does not change

significantly, and this is the condition presently under consideration.
The relatively high affinity between FAS and elastin implies that k>>kg
From affinity measurements, to be discussed in section 2.3.2 of this
chapter, values for k,/k, are determined. They are 110 1+ 30, 250 + 50
and 405 + 80 dm3/mol for laurate, myristate and palmitate,
respectively. It means that at a concentration of 10 g/dm3, k,cpag/ky
amounts to 5 £ 1 for laurate, 10 + 2 for myristate and 15 + 3 for
palmitate, At the beginning of the abscrption process X-A is much
larger than A. Hence, especially in the case of high concentrations and
in the initial stages, the desorption term kgA on the right hand side of
equation 2.2 may be neglected, so that under these conditions,
equation 2.2 simplifies into:

d(X—A)] _[dA} Tk o (X—A)
Jaa-AN _|2al | - [2.8)
[ dt t—0 dt t—0 a "FAS
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which allows evaluation of k,
Integration of equation 2.8 gives:

m&E=A_

X a Crast

|
S

'
<

In(1- A/X (1+1/ Kc))
%

<
N

In{l- A/X (1+1/ Kc))
- o

hY
o
\

-3 -4
-tk ac+k th

[2.9]

In(l- A/X (1+1/ Kc)}

Figure 2.3

Flots according to equation 2.8. On the
ordinate and abscissae axis the lLh.s. and
r.h.s. of [2.8] are plotted a} laurate, b)
mytistate, ] palmitate. Dashed: borders of the
reliability interval. Different symbols refer to
different concentrations.

Estimates for k, can be obtained from the initial slopes of the plots
In(X-A}/X versus time. The values thus obtained for k, appear to be ca.
8 dm3/mol h for all three types of FAS, This value is a first and crude
approximation, which can be improved by finding the best fit of

equation 2.7; this has been done by iteration using 8 dm3/mol h as the
starting value for k,. The best values for k, appeared to be 15 + 5
dm3 mol-! h-1 for laurate, 20 + 4 dm3/mol h for myristate and 15 + 4
dm3/mol h for palmitate. Hence, the k. -values for the different FAS
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overlap each other, so that no significant difference between the k,-
values for the respective FAS can be established.

Figure 2.3 shows plots where on the ordinate and abscissae axes, the
left and right hand side of equation 2.8 are plotted, respectively.
According to this equation, the data points should obey a straight line
bisecting the origin; this appears more or less the case for all types of
FAS. The approximated values for k,and K are subject to relatively
large uncertainties. Based on the experimental data these are ca. 20%
both for k,; and K (see table 2.4 in section 2.3.2). The corresponding
reliability interval is marked by the dashed lines in figure 2.3. All data
points fall within this, relatively wide, interval. Together with the finding
in section 2.3.2 that the absorption equilibrium can be described by the
Langmuir equation (which follows from equation 2.2 in the case that
dA/dt = 0), we conclude that the hypothesis of second order kinetics
for the binding of FAS molecules to elastin is acceptable,

This type of kinetics is at the basis of the interpretation of experimental
results of competitive absorption from mixtures of different FAS.

2.3.1.b Competitive absorption: Short incubation time

The results presented in figure 2.2 suggest no significant differences
between the absorption affinity of the three FAS. However, absorption
competition between the different FAS is a more sensitive tool to
investigate preferential absorption. In this way, the effect of
hydrocarbon chain length on the absorption affinity is investigated.

Absorption from mixtures as compared to absorption from single
component solutions.

As in the single FAS absorption studies, the total concentration of FAS
in solution is 10 g/dm3, i.e. 5 g/dm3 for each FAS. The total amount of
absorbed FAS from mixtures does not differ much [rom that for single
FAS absorption from a solution with the same total concentration (see
figure 2.4). This is expected because the variation in single FAS
absorption is small between laurate, myristate and palmitate.

If second order binding kinetics applies, as described in the previous
section, it is expected that in a competition experiment each type of
FAS absorbs with a lower rate as compared to absorption from single
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component solution of the same concentration of that FAS, i.e.
5 g/dm3, because the absorption depends on the number of empty
sites. In competition the number of empty sites decreases not only by
abhsorption of the one FAS but also by that of the other.

A mmol/g

e
&

A mmol/g)

o
o

o
B

Q
[X]

0.8

o
2 Oo

>

i (h)

8¢ h

Figure 2.4

Comparison of the uptake
of a} laurate, b) myristate
and ¢} palmitate in elastin
in (O) single component
solutions (10g/dm3) and
in (0), {A) mixtures (each
5 g/dm3)

a) (0)-la-my , {A] la-pa

b) (0)-la-my , {A) my-pa

c) (0)-la-pa, (A) my-pa

In figure 2.4 the amount absorbed of one FAS in competition is
compared with that for the same FAS in single component absorption of




Absorption of FAS 21

concentration 10 g/dm3. The figure shows that the amounts of FAS
absorbed in competition are indeed less than those obtained from single

component solutions.

Preferential absorption
In figure 2.5 ratios of FAS absorbed from mixtures are given as a

function of time.

2
g o
z 3
15 F o 2
U iy —
< & g ——q
1k Figure 2.5
Ratio of absorbed FAS in
mixtures as a function of
05 | time
Q) laurate/myTistate
(A) myristate/palmitate
o | 1 L . (O} laurate /palmitate
0 2 6 8 10
t (hrs)

In none of the cases does the ratio Ashort/along significantly depart from
a constant value, from which it is concluded that at least during an
incubation time of 8 hours one type of FAS does not displace the other.
It is then plausible to assume that each type of FAS absorbs according
to a second order mechanism.

During the first hours of incubation the absorption is so small that
desorption can be neglected. Then, the absorption rate can be
estimated by applying equation 2.8. The ratio of the absorption rates
from a FAS mixture is:

dAShort /dt kzhortcshort[X_Ashort _Along] k(slhortcshort

= = [2.10]
dAlong /dt k(llongc[ong[X _ pshort _ Along] kéongclong

The concentrations are 2.3-10-2, 2.0-10-2 and 1.8-10-2 mol/dm3 for
laurate, myristate and palmitate, respectively.

The ratios of absorption rates can be estimated from the initial slopes of
the curves given in figure 2.4. These ratios are 1.3, 1.5 and 1.9 for
laurate/myristate, myristate/palmitate and laurate/palmitate,
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respectively. Thus the smaller the molecules the higher the absorption
rates. The corresponding values for k,5hort/k,iong are 1.1, 1.4 and 1.5,
implying that the shorter FAS molecules have a larger kgvalue than the
longer ones. The most probable explanation is that the shorter FAS
experience less steric hindrance to bind in the elastin network.

Thus the competitive absorption experiments are indeed more
discriminative with respect to preferential absorption of the one FAS
over the other than comparison of the results of single FAS absorption.

2.3.1.c Long incubation times

In this section results are shown for incubation times from 10 hours up
to several days. The long term experiments are discussed separately
from the experiments up to 8 hours incubation time, because different
physical processes occur. For instance, upon prolonged exposure of
elastin to FAS, aggregation of FAS inside the elastin and degradation of
the elastin network may take place. These features will be discussed in
the sections 2.3.3 and 2.3.4 of this chapter.

Single component absorption
Figure 2.6 shows that for long periods of time, the absorbed amount
increases with increasing chain length.

4

A {mmol/g)
w
1

]
]

Figure 2.6

o Uptake of FAS in solutions of
10 g/dm3 in the long term
experiments

o o [@) laurate

(O) myristate

(A) palmitate

1} 1 1 | | S 1 1 1
Q 1 2 3 4 5 6 7 8
t (days)

At short incubation times (< 4h) this effect is not yet discernible
{compare figure 2.2). It is furthermore shown in figure 2.6, that at least
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for myristate and palmitate, absorption tends to increase continually
upon prolonged incubation.

Compelitive absorption
Absorption {from mixtures has also been followed during prolonged
incubation: periods. In figure 2.7 ratios of absorbed amounts of different
FAS are given as a function of time. The values for Ashort/Along tend to
decrease slightly. It points to a very slow displacement of the shorter
FAS by the longer ones.

2
[~]
g
Tis %
g
<
1 -
Figure 2.7
Ratios of absorbed FAS in
05 | competitive experiments
(¢)laurate/myristate
{X] myristate/palmitate
o L I ] | ; (O) laurate /palmitate
8] i 2 3 4 7

5 6
t (days)
2.3.2 Absorption as a function of FAS concentration

In the preceding section, absorption as a function of time was
considered. The aim of the present section is to discuss the absorption
as a function of concentration at long incubation time, i.e.>10 h. All
data presented here were obtained in borate buffer of pH = 10 in which
the ionic strength was adjusted to 0.15 M by adding NaCl. The pH-
dependence will be discussed in section 2.3.4.b

For each FAS, the amount absorbed continues to increase with
increasing incubation time. For palmitate, this is illustrated in figure
2.8. The other FAS show a similar trend.

Anticipating the discussion in sections 2.3.3 and 2.3.4, the cross-link
density in elastin reduces as a function of time. This reduction leads to
an increase in the number of binding sites. Hence, we deal with the
sum-effect of two physically distinct processes: a) absorption of FAS
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and b} decrease in cross-link density. Process a) reaches equilibrium
much faster than process b), so that the absorption of FAS can be
treated as a quasi-equilibrium, superimposed on the very slow process
of cross-link rupture, of which the non-equilibrium is frozen on the
time scale of the absorption process.

Thus, it is assumed that after 10 hours, 3, 7 and 11 days (see figure
2.8) the distribution of FAS between the solution and the elastin
network is in equilibrium, but that the number of absorption sites per
gram of elastin is different between these incubation times.

[:]
g 5[ -
= h +

+

E 4r Figure 2.8
< Absorption as a function of

31, concentration at 70°C for

palmitate at various incu-
2/ a a o o bation times
A o i) 10h
1} [u] (0) 3 days
o () 7 days
0 L ) L —L (+} 11 days
0 2 4 6 8 10

c [g/dme’)

At equilibrium the absorption and desorption rates are equal. Hence,
equation 2.1 becomes:

dA

EzkaCFAs[X‘A)_de=O [2.11]
Hence,

Za . 4 [2.12]

k, FAS X _A

which is the Langmuir equation. This equation can also be written as

1_
A

1 |

1
X KXc¢

2.13]

FAS
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where K is the equilibrium constant k,/k4 and cpsg is the total
concentration of FAS. The tofal concentration was taken because of the
following consideration: In section 2.3.1.a it was explained that the
micelles act as reservoirs from which monomers are released to become
bound to elastin. The exchange of a monomer between micelles and
bulk solution occurs on the time scale of microseconds. This exchange
is much faster than the transport to, and the absorption of a monomer,
in elastin. Hence, kinetically speaking, a solution with micelles and
monomers acts as a solution of monomers in which all the FAS are
present as monomers.

The standard Gibbs energy of absorption, AabSGO is related to the
equilibrium constant as

A, G9=-RTInK

abs [2.14]
According to equation 2.13, the number of binding sites, X, at each
incubation time has to be known, to determine AabsGo' The increase of
this number can be determined by plotting the maximum absorption,
which is the absorption for ¢ > 5 g/dm?3 (see figure 2.8), as a function of
time. This is done in figure 2.9. The increase is given by the slope and
the intercept is the absorption site density at t = 0. In table 2.3 these
values are given for various FAS and for hexadecane sulfonate.

7
b 6 |
>
€5 A
E
b 4 1
3l Figure 2.9
A X Increase in total number of
2 | absorption sites in elastin as
a function of time in solutions
1 X [») laurate
(O) myristate
0 L L L L L (A) palmitate
0 2 4 6 8 10 12
t {days)
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Table 2.3 shows that the number of absorption sites per gram elastin at
t = 0 does not differ significantly between the various kinds of FAS. It
also demonstrates that the number of binding sites increase more
rapidly with increasing hydrocarbon chain length of the FAS, In section
2.3.4, it will be shown that the degradation rate, and hence, the
number of absorption sites, increases with increasing chain length of
FAS. The deviating behaviour of oleate may be caused by the double
bond in the alkyl chain, which imposes steric hindrance when
penetrating the elastin network.

Furthermore, the relatively large differences between FAS and
hexadecane sulfonate implies that the type of head group plays a role in
the absorption process.

Table 2.3 Increase in binding sites

FAS Xatt=0- increase in sites
{mmaol/g elastin) (mmol/g day)

laurate 05+0.3 .05+ .04

myristate 05+0.2 .28+ .04

palmitate 0.7+0.3 .38+ .05

oleate 0.5+0.2 22 1 .02

hexadecane sulfonate 0.2 + 0.2 .03+ .01

Equilibrium constants are determined by pletting 1/A against 1/c In
table 2.4 these constants and the corresponding standard Gibbs
energies are given. It is clear that the standard Gibbs energy becomes
more negative with increasing chain length. This implies that the
affinity increases with increasing hydrocarbon chain length, which
suggests that the binding is, at least partly, of hydrophobic nature. This
dependency of the binding affinity on chain length is in agreement with
the displacement of the shorter FAS from the elastin binding sites by
the longer ones, as was observed in the long-term incubation
experiments (section 2.3.1.c)

The affinity of the head group of FAS can be found by plotting AabSGO
as a function of chain length, see figure 2.10. Extrapolating to zero
chain length, yields AabsGO of the head group, i.e. -3 £ 1 kJ/mol.
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Because the affinity of hexadecane sulfonate to bind to elastin is larger
than that of the FAS having the same chain length, it is concluded that
AabsGO of the sulfonate group is larger than of the carboxyl group.
Apparently not only the charge but also the size of the head group is
important. The isoelectric point of elastin is at pH 3.3 (see chapter 1,
section 1.1). Hence at pH = 10, at which the experiments are done,
elastin is negatively charged. The cross-links of elastin have a
quaternary ammeonium ion®}, which is positively charged at pH = 10. At
this pH, lysine is also positively charged. Hence, the favourable
interaction between the negatively charged head-group and elastin may
be electrostatic attraction.

Table 2.4 Absorption equilibrium constants and standard Gibbs
energies of FAS and hexadecane sulfonate in elastin

FAS chain incubation K average K AGP
length  time(days) [(dm3/mol) {dm3/mol) kJ/mol

laurate Cl2 0.4 124 + 30
3 114 £ 30 110 £ 30 -13.4+ 0.8
7 90 + 20

myristate C14 0.4 264 £ 50
3 258 £ 50 250 £ 50 -15.7+ 0.7
7 223+ 50

palmitate C16 0.4 380t 80
3 395 £ 8O 405 £ 80 -17.1 £ 0.7
7 440 + 80O

oleate C18 0.4* 612 + 120
3+ 720+ 150 695+ 150 -18.6+0.7
7+ 757 £ 150

hexa- Cle 0.4* 730+ 150 >700 <-19

decane 3* 1050 + 150

sulfonate

All measurements were carried out in duplicate except those marked
with *
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The slope of the line in figure 2.10, gives -0.8 £ 0.2kJ/mol for the AGC-
increment per CHs group. This value is much smaller than the value of
-4 kJ/mol, reported for the transfer of one mole of -CHg- from an
aqueous solution to an apolar environment9). A plausible explanation is
that a FAS monomer from solution that binds to the elastin is replaced
by a FAS monomer released from a micelle, so that the net process
involves the transfer of FAS monomer from a micelle into the elastin
network. The Gibbs energy change of this transport is still negative,
meaning that CHsy groups have a slightly greater affinity for the elastin
than for the surfactant micelles in solution.

-20
3 .
B . A
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16
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2.3.3 Absorption as a function of cg,¢

In figure 2.11 the uptake of FAS is plotted as a function of cg,. The
figure displays, at each incubation time, the same trend: In the case of
laurate and myristate, the absorbed amount increases as cg;
increases. With palmitate this is also the case for c ;) < 0.1 M; at
higher cg,;; the dependency shows a rather irregular pattern.

The absorption of FAS is accompartied by swelling of the elastin. Elastin
consists of an isotropic network, which implies that from the change in
length during absorption, the change in volume can be determnined by
applying equation 2.15.
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[2.15]

L, Vo

[LO +AL]3 _Vp+AvV
It appeared that this swelling is independent of cyacl. but increases
with absorption time. This is illustrated in figure 2.12 for myristate;
laurate and palmitate (cnac1 < 0.1M) show the same trend. It seems that
the swelling of elastin is restricted by the elasticity of clastin. The
increase in swelling with absorption time is caused by the degradation
of elastin, that occurs during absorption and which, in turn, decreases
the elasticity (see section 2.3.4).
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The absorption of FAS and solution (with salt} causes a difference in
concentration of ions between the solutions inside and outside the
elastin network, resulting in an osmotic pressure between the elastin
sample and the surrounding solution. The osmotic pressure can be
approximated by using the van 't Hoff equation10):

T=gRTAc {2.16]

IT is the osmotic pressure. Ac is the difference in concentration of ions
inside and outside elastin, whereby the FAS bound to elastin must be
taken into account. The few charged groups in elastin may be
neglected. g is the osmotic coefficient, which compensates non ideal
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behaviour. The difference in concentration in ions between elastin and

solution is:

_ el el sol sol
AC_2(CNaCl+CFAS)_2(cNaCl+CFAS) [2.17]
c;[AS was determined by measuring the absorbed amount of FAS in

elastin together with the swelling of elastin, due to the uptake of
solution, given in figure 2.13. The FAS concentration in solution, c;fs,
was calculated from the initial concentration and the amount absorbed

in elastin. It appeared that c}f%ls did not change significantly during the

experiment; c;‘:ia and CﬁlaCl can be estimated by using the Gibbs

adsorption equation 11):

dy=-8°dT+T

Nact Nact * TrasH ras [2.18]

where y represents the interfacial tension, ¢ the chemical potential of
the component indicated, S9 the surface excess entropy and I’ the
amount absorbed per unit area.

Cross-differentiation gives:

94 pas _ 19N
s =15 [2.19]
M yact HpagoPrT Hpas pgacrPT

al

in which the amount absorbed per unit volume, 4, is used instead of I'"

Using uy. =,uNa+ + ,ucl_ and fp, . =uFAS_ + #Na*" we can write in
terms of activities «
d'uNaCl = Rlen(aNaC[ +Opag )+ RlenaNaC[ [(2.20]
d’“FAs = Rlen{aNaCl +aFAS)+RT'd1na‘,rAS [2.21]
Substituting [2.20] and [2.21] in [2.19] gives:

“Naci ( 9Aras } ___ %ms [BANaCl] [2.22]
20t pact + Aras \ 9Nact J, 20pa5+ ANt | s ),

FAS NaCl
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As shown in figure 2.11, aAFAS /day, ~ is positive, which implies that
according to [2.22], the NaCl concentration in elastin will increase, as
FAS will be absorbed. For unknown reason, palmitate absorption from
solutions of ¢, ., > 0.1 M deviates from this behaviour. We have not
included these measurements in our further interpretation.

Using the activity coefficients of NaCl in water at 70°C!2), and the
concentration in solutions, af\,‘ﬁcl can be calculated. The activity of FAS
is approximated by the concentration, ¢, . Inserting the experimental
data, given in figure 2.11 in equation 2.22, aANaCl /aaFAS, can be
determined, from which C;[aCI can be calculated. CJS\%[CI was calculated

from the initial concentration and the amount of absorbed NacCl.

Substituting the values of the various concentrations in equation 2.17,
the osmotic pressure in elastin can be calculated using equation 2.16,
whereby the osmotic coefficient of NaCl at 70°C is used12), In table 2.5
the calculated osmotic pressures are given for the various FAS. These
values are independent of the absorption time. The FAS absorption
increases as a function of time. It implies that the uptake of solution
and NaCl per absorbed FAS monomer is constant.

Table 2.5 Osmotic pressure T N/ cm?2) at various NaCl

concentrations.
ci,‘:lla laurate myristate palmitate
0.05M 80+ 30 205+ 70 510 + 200
0.10M 105+ 35 225+ 80 900 + 400
0.15M 140 £ 45 390 + 130
0.20M 20070 580 + 200
0.25M 250 + 85 590 £ 200

It appeared that the osmotic pressures can reach very high values, up
to 900 N/cm? (= 90 atm). For comparison, some bacterial cell walls, can
stand 60 to 100 atm13): The osmotic pressure is much higher than the
retractive pressure of elastin, which varies in the samples under
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consideration between 40 and 70 N/cm?2, depending on the water
content (see chapter 3). It is likely that the high osmotic pressure is, in
part, responsible for the degradation of elastin. Both the osmotic
pressure and the degradation rate increase with increasing chain length
of the absorbed FAS.

Using cifaCl the Debye length, x (= V10 ¢ z2) has been calculated. It
appears that the distance over which the electrostatic repulsion (2/x) is
effective, is in the same range as the distance between two FAS
molecules in elastin (ca 0.5-1.5 nm). Hence, probably the absorption of
ions is required to compensate the electrostatic repulsion between the
negatively charged groups of the absorbed FAS. However, electrostatic
repulsion is not the only factor that causes swelling, otherwise the
absorbed amount of solution per mmol FAS should be almost the same
for each FAS. According to figure 2.13 the swelling decreases with
increasing chain length.

2.3.4 Degradation of elastin caused by FAS ahsorption

Cross-link density )

In chapter 3 it will be argued that the cross-link density is proportional
with the elasticity modulus, Hence, by determining the change in the
elasticity modulus of the elastin strips from which pre-absorbed FAS
have been desorbed, the reduction in cross-link density can be inferred.
Anticipating this discussion, we now describe the change of the cross-
link density upon absorption, as derived from changes in the volume of
the elastin samples.

The change in cross-link density is determined by measuring the
volume of elastin as a function of time. The degree of swelling of elastin
in a solvent is the result of a balance of two effects, (1) the tendency of
the solvent and solutes to diffuse into elastin and (2) the tendency of
the network to contract. The higher the cross-link density, the higher
the elasticity and the smaller the internal swelling is!4). Hence, the
volume of elastin in a given solvent is related to the cross-link density.

A quantitative theory for swelling has been developed by Flory and
Huggins14). This theory predicts a relation between the degree of
swelling in a given solvent and the elasticity modulus of the unswollen
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rubber-like material. For small degrees of swelling this relation takes
the form:

% = ﬁ [2.23]
where G is the shear modulus of the unswollen rubber, which is the
same as the elasticity modulus measured at small deformations (to be
discussed in chapter 3). This modulus is proportional to cross-link
density v/V. @ is the ratio of the volume at equilibrium swelling V to the
volume of the dry rubber Vyr,, V; is the volume per gram of the solvent
and A is a constant whose value is dependent on the particular rubber-
liquid system studied.

As R, T, A and V; are independent of G,

C
G=—57 [2.24)

Combination of the initial modulus of elastin with that after FAS
absorption gives:

G 5/3
L =—t= [2.25]
3 .
Gf:=0 Qt5/

Substituting G = k v /V [k = constant) and Q = V/ Vd,.y, we obtain:

2/3
v Ve
¢ =Vt§?3 (2.26]
Vizo ¥

The volumes of the strips at t = 0 were measured in buffer solution.
Subsequently the strips were incubated in solutions of FAS or buifer,
After different incubation times t, the FAS were desorbed and the
volumes determined again. In figure 2.14 curves for Vi’o3 / Vtzf 3 are
given as a function of the time. The FAS have been desorbed in the
elastin, From the slopes, the rate of the change in number of cross-
links are calculated. These are given in the second column of table 2.6.
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They show that the longer the FAS, the faster is the decrease in the
number of cross-links.

2i3yy 213

=0

Figure 2,14

Change in volume of elastin
from which FAS is absorbed
as a function of absorption
time

Yy

{x) buffer
(0) laurate
(A) myristate
{+) palmitate
0-6 L 1 1
0 2 4 8 8 10

Table 2.6 Decrease of number of cross-link at T = 343K

FAS relative decrease
in v per day

none 0.5+0.2%

laurate 1.2+ 0.3%

myristate 1.8+ 0.3%
palmitate 3.1:0.3%

In the preceding sections, the absorption as a function of time and
concentration were discussed. It appeared that during this absorption,
some elastin dissolved in the solution. The dissolved amount is
determined by comparing the mass of elastin before absorption with
that after desorption of FAS. The rates of elastin dissclution are given in
table 2.7, from which it is concluded that the longer the chain length,
the larger the rate of elastin degradation.

The correlation between the cross-link reduction and the dissolution of
elastin suggests that rupture of cross-links results in degradation of the
elastin network, by which fragments of the polypeptide chains are
released into the solution. The ratios of the loss of elastin (table 2.7} to
the decrease in number of cross-links (table 2.6) are identical for the
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various FAS, ie. 3+ 2, 2.4 £ 0.5 and 3.0 + 0.5 for laurate, myristate
and palmitate respectively

Table 2.7 Loss of elastin

FAS loss of elastin
(% per day)
laurate 0.4+0.1
myTistate 0.75 + 0.05
palmitate 1.00+0.05

Influence of pH

The influence of pH on FAS absorption was studied for myristate only.
In figure 2.15a the absorption's at pH 9, 10 and 11 are plotted as a
function of incubation time at a concentrations of 10 g/dm3.

The figure shows that the absorption depends on the pH; the higher the
pH. the higher the absorption rate. In section 2.3.4.a a direct
correlation between the number of cross-links and the dissolution of
elastin has been indicated. In order to investigate, whether the pH
influences the rupture of cross-links, we determined the loss of elastin
at various pH values. Figure 2.15b demonstrates that this loss
increases with increasing pH. Hence, the concentration of OH-
influences the breakdown of the elastin network, probably through
hydrolysis of the cross-links or other bonds in the polypeptide
backbone. In general, elastin is known to be strongly resistant to
aqueous-alkaline hydrolysis, as is illustrated by a frequently used
method for purification!5), i.e, the Lansing procedure, in which elastin
is heated to 100°C in 0.1N NaOH. Under normal conditions elastin
resists this treatment. However, Robert et al. 18) observed that addition
of organic solvents, as aliphatic and aromatic alcohol's, cause a
reduced resistance to alkaline hydrolysis. They hypothesised that the
hydrophobic interactions between the organic solvent and elastin can
open up the densely packed hydrophobic regions of the peptide chains,
facilitating the approach of the hydrated OH- ion to the polypeptide
backbone. Absorption of FAS opens up the elastin structure as well.
Hence, in case of FAS absorption we may deal with a similar situation
as that described for the alcohol's.
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The proportionality between the loss of elastin and the amount
absorbed is 3.9 mmol'!, 3.1 mmol-! and 3.8 mmol-! for pH = 9, 10 and
11. Within experimental error this ratio is constant, i.e. invariant with
respect to the pH. This is to be expected, since the increase in FAS
absorption as a result of the decreased cross-linking, should not be
influenced by the pH.

A (mmol/g)

2.18a
Absorbed amount of
myrtistate as a function of
time at
(X)pH=9
(O)pH=10
(Al pH=11

10

Figure 2.15b

Loss of elastin as a function
of absorption time in
myristate solution at

loss of elastin %

(X) pH = 9
(0)pH = 10
(M) pH =11

t (day)

2.4 Conclusions

The absorption of FAS into the elastin network can be described by a
second order binding mechanism, in which the absorption rate depends
on the concentration of FAS in solution and the number of absorption
sites, and in which the desorption rate depends on the absorbed
amount. It appeared that the absorption rate constant decreases with
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increasing chain length probably because the shorter FAS molecules
are less sterically hindered in the absorption process.

The affinity of the FAS for elastin is mainly of a hydrophobic nature.
AabSGO for the binding of a CHs group is -0.8 + 0.2kJ/mol, which is
much smaller then the AabsGO for the transfer of CHp from an aqueous
to an apolar environment (-4 kJ/mol), because AabSGO for the binding
of FAS in elastin counts for the transfer of FAS from micelles to elastin.
Although elastin is slightly negatively charged at the experimental
conditions, the contribution from the negatively charged head group to
AabsGo is exothermic and amounts to about -3kJ/mol. Possibly, the
FAS binds in the neighbourhood of the cross-links, which are positively
charged at pH = 10.

The binding of FAS is accompanied by absorption of salt and solvent in
the elastin. The swelling partly occurs to compensate for the
electrostatic repulsion between the negatively charged groups of the
FAS in elastin. This swelling and, hence, the absorption of FAS is
limited by the cross-linking of elastin. Due to the presence of OH- ions
and absorbed FAS, degradation of elastin occurs, resulting in a
decrease in cross-link density and, hence, promoting the absorption of
more FAS.

Absorption of FAS causes an osmotic pressure difference between the
solutions inside and outside the elastin sample. Both the rate of cross-
link rupture and the osmotic pressure is larger for the FAS having the
larger chain-length. It suggests that the degradation of elastin is
enhanced by the osmotic pressure.
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