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Abatract. The rheological properties of the sirawm cornewm of the pilot whale {Gobicephala melus) were investigated with
emphasis on their significance 1o the self<Cleaning abilities of the skin surface smoothed by a jelly muteriul enriched with
various hydrolytic enzymes, The gel fermation of the collected fluid was maonitared by applying periodic-harmonic oscillaing
Inads using a stress-controlled rheometer, In the mechumical specirum of the gel. the platean region of the storage modulus
G (<1200 Pa) and the loss modnlus (& (120 Pa) were independent of frequency (w = 43.98 (0 013 ral» ' 7 = 15 Pa,
= 2¥°C), indicaring high elastic perfonmunce of a covalently cross-linked viscoelastic solid. In addition, mult-angle laser
light scattering experiments (MALLS) were performed Lo analyse the potential time-dependent chunges in the weight-average
molar imass of the samples. The observed incresse showed that the gel formation is hased oo the assembly of covalently cross-
linked aggregates. The viscoelastic propertics and the sheur resistence of the gel assure hat (he enzyme-containing jelly material
smeothing the skin surface is not temoved from the stramm cornsum by shear regimes during dolphin juriping. The even skin
surface is eonsidered to be most importan for the self-cleaning ahilities of the dolphin skin against biofouling,
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1. Intreduction

Integuments represent the segregating layers and interphases between multicellular organisms and their
environments. They must provide all necessary exchanges ol information and matter between the inneror-
ganismic and external spaces, For biofouling organisms, integuments are the substratum of seltlement,
thus representing specific types of habitats. Skin covered with biofoulers is — as a rule — disadvantageous
tor the host.

Among marine organisms a variety of defence strategies against biofouling have been evolved and
inchide continuous and discenlinuous mechanisms. Such mechanisms, being based on the physical and
biochemical equipment, modify the morphology of the affecied body surfaces in order te prevent or
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reduce the attachment of microalgae and other microorganisms, or usc specific biochemicals directed
against them [14,36.37]. Physical defences ure based, for example, on the discontinuous desquamation
of parts of the superficial body surtace, the continsous secretion of mucus and sccial cleaning. Biochem-
icals, such as toxins and antibiotics, are produced in order to directly counteract biofoulers, whercas
enzymes and surface active substances increase the rate of detachment of organisms from integumental
surfaces (e.g., [1,2]).

Our interest focusses on the marine dolphins, which visually exhibit remarkably clean and smooth epi-
dermal surfaces [5,8]. Considering the self-cleaning abilities in dolphins, more than one defence stratogy
against biofouling seems to be involved in combination. It has been reporled, that the skin of dolphins
is characterized by low critical surface tension [19,20] and high rates of desquamation [13,21.32]. Em-
ploying cryo-scanning microscapical techniques [5,6,8], we demonstrated an average nanorough plane
surlace of the skin of the pilot whale, that was smoothed by gel. We suppose that the presence of & smooth
skin surface reduces the number and gualily of microniches, 1.e., hiding-places for biofouling orgamsms,
and thus lacilitates their detachment from the skin surface by the kinetic and desorptive forces of the
water flow, or air bubbles formed during dolphin jumping. In addition, various hydrolytic enzymes were
demonstrated in the straturn corneum of the pilot whale. These probably digest the adbesive substances
produced by biotouling organisms [7]. Since thesc hydrolylic enzymes were found in an aggregute-
attached form, rheological experiments with dolphin skin in parallel to mult-angle laser light scattering
{(MALLS) measurements were designed in the coursc of (he study in order to establish details on the
tormation of these aggregales.

We provide new insights in the macromotecnlar coating of the skin of the pilot whale, and suggest an
important role of the observed jelly skin cover in the self-cleaning properties of the delphinid integument.

2, Material and methods
2.1, Sample preparation

The supcrficial system of the skin, the statum corneum. was collected from long-finned pilot whales,
Globicephala melus, during three authorized hunis of Faroese people in 1999 (for detals see [117).
The material was manually obtained from approximately 90 individuals {approx. 90 m°, excess of samn-
ple material approx. 5 g-m~2) of both genders and of various ages by means of rotating movements
of a stainless stcel brush. Care was taken to avoid sampling the living cells of the underlying stratum
spinosum. If samples could be further processed within four hours. pooled samples of stratum corneum
were stored in vacuum containers at 4°C. If nor, they were stored in liquid nitrogen at — 196°C imme-
diately after collection, The abraded fresh or deep-frozen fluky samples werc transferred into Eppendort
cups, where they warmed up o room temperature during centrifugation (Labofuge, Heutich, equipped
with a (ilt angle rotor) at 3000 Ufmin or 4000 U/min for 10 minutes. The Eppendorf cups were perfo-
rated with a small hole at the hottom and inscried in plastic tubes which collected the liquid skin material
separated by centrifugation. The non-liquid part of the faky strarum corncum did not pass through the
hole, Analyses were performed using the supernatant of the centrifuged sample (approximately 0.1 ml
sample volume per g of the centrifuged sample). Dilutions of the supernatant were preparcd with iso-
tonic sodium chloride solution (0.9% NaCl). Since we found that the centrifuged stratum corneum was
highly enriched with glycoproteins | 7], we used ovalbumin in the Bradford protein assay (8igma), and
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the signals of the differential refractive index detector (see below) for measuring the protoin concentra-
tion of the samples. When employing multi-angle lascr Light scattering, L-cysteine (Sigma) was added to
aliquots of the diluted samples to occupy the tree thiol groups.

2.2, Multi-angle luser light scattering

Working solutions prepared (rom 10 independent preparations of the centrifuged fiaky material were
diluted with isotonic NaCl (approx. 1500 viv, 1,25 x 10=* g-ml~1), and stirred with a magnetic stirrer
at 23°C temperature in a membrane-sealed glass for more than 12 hours. 2 ml aliquols werc injected at
time intervals of ahout 45 minutes in a Row of 0.15 ml-min™' isotonic NaCl solution driven by a HPI.C
pump (Knauer). This was followed by an ultraviolet light detector (280 nm, MiltonRoy), and the DAWN
DSP multi-angle lascr light scattering detcctor (633 nm, Wyatt Technology) Lo determine the weight-
avcrage melar mass 3y and the corresponding z-average rool mean square irms) radii of the baich
sample after the signal reached platean level. Finally it was passed through u differential refractive index
{DRI) detector (633 nm, Optilab 903, Wyatt Technelogy) to measurc the concentration of the sample.
The DAWN was calibrated against toluene. Absolule molar masses were calculated using Zimm-Berry
plot (K - ¢ - Rz")"3 versus concentration and the scattering angle +J, where K is the light scattering
constant for vertically polarized incident light, ¢ is the concentration, and By is the Rayleigh ratio at the
scattering angle € {Astra softwarc, Wyatt Technolegy). Scattering angles between 38.8° and 110.7° were
used for extrapolation to the scattering angle zero, The data of the light scattering signals were correlated
with the concentrations measured by refractive index detector (for theoretical details see [7,387).

2.3. Transmission electron microscopy

The originally liquid-centrifuged, abraded stratum corneum samples of the pilot whale formed an
elastic biegel when cxposed to air for approx. 4 hours at room temperature. Aliquots of this jelly ma-
terial were fixed in 2% glutaraldchyde in 0.03 mol-1-! (pH 7) PIPES buffer (piperazinc-N.N'-bis|2-
ethanesulfonic acid]) for 45 minutes. then rinsed in buffer to remove excess fixatives, and postfixed in
26, osmium acid. Samples were then embedded in EPON 815. Ultrathin sections were contrasted with
lead citrate, and viewed in the transmission electron microscope CEM 0072 (Feiss) at 80 kV.

2.d. Rheology

The application of hartmonic-periodic loads in dynamic theological measurements i3 especially suited
for structural investigations in order to avoid rheodestructive impact on the structures. Considering
the centrifuged stratom comeun, oscillatory meudsurements were performed in this study employing
the theometer BheoStress RS 150 {Haake) alternatively equipped with two geometries, conc-and-plate
(dia = 35 mm, apex angle 1) or a plate-and-plate (dia = 60 mm) under deformation-controlled or
stress-controlled conditions. During the measurements, humidity was held constant for 8 hours with a
wet paper sheet within a chamber made from a plastic top, covering the tools and the peltier element
holder. This ensured that drying effects ut the outer edge of the plates could be exclnded. The data used
for calculations always originated from the first 8 hours of the 24 hour long-lerm cxperimental suryeys.
Gel kinetic experiments were prolonged until (' reached plateau level (aller approx. 5 hours). Frequency
and deformation sweeps were performed after the gel had formed as indicated by the plateau level of &
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2.4.1. Paramerers and notation

Tn stress-controlled measurcments, an applied harmonic-periodic sinusodial stress 7*(£) = 7} e with
the angular frequency w = 2w is followed by a phase-shifted sinusoidal strain ~*(£) = = ¢! with the
same trequency due io the deformation induced. Focussing on the changes of energy densities during
gel formalion, the complex amplitudes of the stress 7, and the strain 4f were uscd for calculation of
the magnimde of the complex modulus (*(iw), the storage modulus G, and the loss modulus G 1R
Analyses of the dynamic biophysical sol-gel system were performed from the gel propetties. given by

My = |GP (k)] cos §w), and dynamic viscosity »'(w).

3. Results
3.1, Multi-angle laser Hight scartering

Batches of the abraded and centrifuged stratum corncnm samples were measured by multi-angle laser
light scattering at various time after dilution (Fig. 1{a}, {b)). We ohserved a time-dcpendent large increase
in the molar mass (M) of the samples. It is remarkable, that the molar mass increased exponcntially at
this considerably high dilution (varying aboul a dilution of 1:500 v/v. corresponding to 1.25 - 104
gml ') of the stramm comeum samples. In absence of better estimate the data obtained were fitted
by the Marquardt-Levenberg algorithm seeking the parameters that minimize the sum of the squared
differences between the values of the observed and predicted values of the dependent variable using
second order rational function (3 = 11.7 - 108,40 = 5.8 - 10%,6 = 8.7 10° for f = 4o + ax + bzt
regression coefficient r = 0.999). In addition, good fitting results (crror of estimate between 0.0287
to 0.0033) were obtained applying the composite fitting functions {such as, for example, Chapman’s
sigmoidal function and exponential functions, such as, for example, rectangular hyperbolic function}:
F=uyo+all —exp(- bx)*) +dz/(e+z)

At the beginning of the experiment {£). the molar masses ranged around 10—30-1 08 - mol~!, whereas
after 5.5 hours M, amounted to about 100-300 » 10° g-mol~!. Molar masses obviously resulting {rom
aggregation increased up te approximately 900 - 10° g-mol~!12 hours after £o. Even at this time the
increase was still steady and exponential with no sign of equilibrium, which may be duc to equal rates of
aggregation and disintcgralion ol [ragments.

By addition of L-cysteine to the diluted stralum cormeum centrifugates, the aggregation process was
suppressed in a concentration-dependent mode. It was found that L-cysteine reduced the molar masses at
the beginning ol the experiment (Fig. 1{a)), whereas after 5.5 hours a L0-fold increase of the molar masses
was observed comparable to the saline-diluted samples. In samples diluted with 0.1 mol L-cysteine-
saline, the molar masses increased from 2 te 20 - 10° g-maol~! over the lime period of 5.5 hours.

In double-logarithmic plot (see [38]) rms radii were correlated in a lincar mode with molar masses at
various times after £, over the complete experimental peried (Fig. 1(b)). [n linear regression using least
square (o fit a slope of 0.46 was calculaled. (s radius = 0.24 M4, regression coeflicient r¥ = 0.971.)

3.2, Transmission electron microscopy

Within the glutaraldehide-fixed gel (4 hours after centrifugation), we ohserved namerous membrane-
coated lipid droplets varying from 0.1 to | ;an, embedded within polymorphic clusters formed by cross-
linked proteinaceous gel components during fixation (Fig. 2). We detected ne fibers in these polymorphic
clusters.
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Fig 1.{a) [he time-dependent increase i flie molar mass of fifteen centrifuged and dilated stratum corneura samples (approx.
1:500). By addition of L-cysteine, preaggregates disassembled followed by the slow incrense of the molar masses during the
experiment. (b) The linear correlation of rms radius and the molar mass of varions dilured strawm corneum samples (approz.
1 - 50(h {double logarithmic plot).
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Tig. 2. Within the gel fixed with 2% glutaraldehyde and pustiixed with 2% osminm acid, membrang coated (amows) lipu
droplets were embeddad within polymorphic clusters of aldzhyde-linked proteinaceons get companents. Transmission electron
MICEOSCOPY.

3.3, Rheology

The gel kinetic experiments showed that the undituted centrifuged stratum corneum transformed from
sol to gel (viscoelastic fluidisolid). We standardized handling procedures prior to data collection Lo ensure
thar handling time was held constant (5 minules) and of negligible duration compared to the experimental
time. Kinctic data obtained were the same under stress-controlled and deformation-controlled experimen-
tal conditions, but the curves of obscrved gel formation shitied to the left, and cross-over cvents occurred
approx. one hour earlier when using higher speed centrifugation (4000 U/min instead of 3000 Ufmin). In
this swdy, concentration of undiluted samples varied and the kinetic evolution of the system deferred to
a miner extent of about 10 minutes in regard 10 the cross-over times.

The gel kinetics of undiluted samples (protein concentration approx. (.062 gml~), centrifuged at
3000 U/min) werc characierized by initially low undulating values of the storage madulus (& (solid line
in Fig. 3) and the loss modulus G” {dotted line in Fig, 3). Aller approximately 1.5 hours (%o, end of
centrifugation, 3000 Ufmin), the cross-over event marked the gel formation (Y = &% = 0.063 Pa,
frequency w = 0.35 rad-s~!, stress 7 = 0.27 Pa, temperature 20°C). It was remarkable, that both moduli
increased strongly in the following 3.5 hours (&' = 600-800 Pa, G” = 100-200 Pa), and subsequently
(' and G Turther increased until they were fluctuating around 800 to 1000 Pa for the next 12 hours (data
not shown). In the late zelling phase (afler 3 hours), the capacity to dissipate free energy increased in
undiluted sarnple preparations as indicated by the increase in the loss modulus G,

The values of G and ¥ normalized to the temperature of 20°C decreased at cross-aover events with
dilution (Fig. 4). Whereas the decrease of G’ was moderatc below the dilution of 1:10, G strongly
decreased from undiluted samples to dilutions of 1 10. Since moduli as a function of concentration
are often represented in gel theology by a power law (see [25]), we fitted slightly smoothed data using
the power law cquation f = 3y — a2 (yo — —0.01, ¢ = 1.50, b = L.12, regression coefficient
= 0.9995).
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Mechanical spectra were recorded in alternation al frequencies decreasing and increasing between
w = 4398 t0 0.03 rad-s ! {7 = 15 Pa, ¥ = 20°C) loading undiluted samples {resulls from various
sweeps belween w = 43.98 to 0.13 rad-s ! of one sample shown in Fig. 5(a), (b)). No slippage-eflect
was observed within this range of frequencies. Data were nearly independent of the mode of the sweep
but, in general, revealed an increase in G (approx. 1200-2800 Pa, Fig. 5(a)) and G” (approx. 10-200 Pa,
Fig. 6()) with longer delay times from cross-over events. It was evident, that G' and G were nearly
independent of frequency, whereas (¢ was onc {in vlder gels) to two (in younger gels) orders of magni-
tude higher than G, It is notable, that G (in Fig. 5{b)) peaked around ¢; = 0.35 rad-s~! comresponding
to the frequency used during gel formation (as the history of the load applied). This ellect was com-
pletely reduced in aged gels (delay of 9.5 hours after centrifugation). We always recorded a drop of
G at approximately w = 20 to 30 rad-s~!, and obscrved that during increasing measurement time (at
low frequencies), G and * strongly increased at frequencies below w = 0.13 rad-s~' due to the gel
formation procceding during the measurement. We theretore excluded these values from the mechamcal
spectrvm.

At the frequency w = 0.35 rad s~ !, under which the gel had formed, stress amplitude sweeps were per-
formed in order to cvaluate the strain resistance of the undiluted samples (Fig. 6). Younger gels (5.5 hours
after centrifugation, circles in Fig. 6) displayed strain hardening as indicated by the high values of G
increasing between ~ = 0.08-75% combined with shear thinning due to the slightly decrease in G" in
the same range of deformation, After a deformation of ~ = 75%, the gel collapsed and the values ¢¥ and
G* rapidly declined to approx. | Pa. In aged gels (9.5 hours after cross-over, squares in Fig. 6), valucs
of (¥ and " were two orders of magnitude higher, In aged gels, strain hardening between v = 0.2-1%
as obvious from the slight increase of ' was followed by the theodestructive impact of the load on
the structure al spproximately ~ = 1% (determinating the end of linear viscoelasticity}). As observed in
younger gels. in aged gels 7 and ¥ rapidly declined below 2 Pa after a deformation of v = 75%. At
this deformation, the stress T reached approx. 30X} Pa in younger gels and approx. 8000 Pa in aged gels.

4, Discussion
4.1, Mulii-angle laser light ycattering and transmission electron microscopy

According to the multi-angle laser light scattering analysis of highly diluled centnfuged stratum
corneum abrasions of the pilot whale skin, the components in the sample formed aggregates. This was
predicted from the aggregation observed in semi-diluted samples employing size exclusion chromatog-
raphy and Native PAGE |7]. In semi-diluted samples |71, high molar mass aggregatwcs between 25(-
2000 kD and lowcer molecular weight fractions of about 20 1o 30 kD were considered to he involved
in gel formatich by potentially cross-linking themselves into multiples and aggregates. The high mo-
lar masses measured in the study represented weight-average valucs of a mixture, We found that the
molar masses and the rms radii were linearly correlated over the whole experimental period. The double-
logarithmic plot of rms radius versus molar mass yields information about the molecular conformation
of the samples, similar to the Kuhn-Mark—Houwink plot. Tn both cases the slope of the function corre-
sponds to the confermation, whereby a slope of (.33 is indicative for solid spheres, 4 slope between 0.5
and 0.6 1% usually found for linear polymers with random coil conformation, and a slope of | for rods
[38]. The slope of 0.46 measured hints at molecules slightly more compact than statistical molecules.
Bul it is important to aware that this is true for samples with equal polydispersily only, for the samples
of the centrifuged stratum corneum we have to assume different polydispersity (compare {7]).
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Fig 5 {a) Frequency sweeps of allernaling decesasing and increasing frequencies w = 42.98 to 0.13 rads ' (v = 15 Pa,

1 — 20°C). Loads were applied 1o the same undiluted sample at five different detay limes aller cross-over points (compars
Fig. 3). The storage modulus & was independent of frequency, but showed a slight increase at lower frequencies due o the
continuing gel formation at prolonged measwrement time. (b} Frequency dependency of the loss modulus G correspomding
to the values of (7' (Fig. 6(a)}. 7" peaked around 0.35 rads ' and decreased at 20-30 rad s, G was one 10 two orders of
magnitude Jower than £ (eompare with Fig. 6(a)).
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With respect to the time-dependent exponential increase of the molar masses, we conclude that in the
initi] step of the aggregation, nucleation centres are continuously established from smaller molecules as
tollowed by aggregative linkages of such centres to form secondary aggregates. This result was consistent
with our previous observation that the bioge! forming process had started with the nucleation of smaller
elements [7]. The formation of secondary aggregates observed in multi-angle laser light scallering exper-
iments was in aggreement with the gel kinetics (see below), wherein the formation of structuring elastic
elements increased during the biogel forming process. Although molar mass and the physical parameters
cannot be directly compared, the time-dependent changes and because the formation of the gel and the
ageregates was not terminatcd even after long experiment, both are suggestive for this development of
elastic aggregates mentioned above,

The initial L-cysteine-induced reduction of the molar masses was followed by a slow increase of the
molar mass. Thus, the assembly of preformed high mass aggregates from smaller fragments was re-
versed. In comtrast to the chaotropic impact on the preaggregates at the beginning of the experiments
that was expected to suppress the reconstitution of higher melar masses especially at high concen-
traticn of L-cysieine, the rcconstitution was not inhibited. Therefore it was questioned, whether the
aggregate formation was accompanied by additional reactions influenced by L-cysteine, in particu-
lar. covalent cross-linking reactions corresponding to the mechanical properties obtained {see below).
L-cysteine exhibits a mild oxidizing potential to free thiol groups suggesting that L-cysteine unbalanced
covalently cross-linking reactions and phase separation during the aggregate formation of the centrifuged
stratum corneum. It alse increased the solubility of thiol-containing polypeptides cross-linked with this
aminoacid, and thus reduced the molar masses of aggregating components. Further investigations are
planned, focussing on the reconstitution of aggregates and the formation of disulfide bridges. which
supposedly belong to the main primary processes of gel formation. With respect Lo the rheological prop-
erties of the gel displaying features of covalently cross-linked gels (see below), we suggest that keratin
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polypeptdes. which are the major disuthde-containing components in the epidermis [33]. are Ivolved
in the gel forming process.

Thin sections of glutaraldehyde-fixed in vitro gels revealed the presence of numerous membranc-
coated lipid droplets, embedded within polymorphic clusters of aldehyde-linked proteinaceous gel com-
poncnts. We assume that the membrane-coated inclusions are lipids, which are usually globular and not
denatured by aldehydes. In addition, we suggest that the lipid inclusions are no artifacts formed during
the experiment, but are native components in the stratum corneum of the pilot whale, since such droplets
were 4lso present on electron micrographs of freeze-etched intact non-fixed and osmium-fixed epidermis
[5.29].

With respect to the membranes coating the lipids, it seems reasonable to conclude that the membranes
are amphiphilic, since they conneel the hydrophobic lipids and the hydrophilic gel. Assunung that the
biopelymeric gel is a typical hydrogel enclosing water within the three-dimensional network of macro-
molecules, the presence of the lipids demonstrated is an evidence of a three-phase-system. In this system
the actual high energy of forced load overshoots can be transfeired to both the viscous lipids and to
the viscoelastic network. In dolphins, a three-phase-system seems 1o be especially suited to the antic-
ipated high load, cspecially during jumping. As described in a previous study by Baum et al. [5], the
skin surface (and the intercorneacyte space, unpublished results) exhibits alternating hydrophilic and hy-
drophobic sectors located within a relief of desmosomal nanoridges, which are considered as the most
prominent skin surface characteristics. These sectors should originate from the above-described subcei-
lular separation into a hydrophilic and a hydrophebic phase.

In the first and onlv theological experiments until now investigating the highly diluted delphinid stra-
tum corneum suspended in seawater using the Ostwald viscometer [31], the viscosiues of the suspension
were marginally higher than that of seawater. T'his result contrasted to the preliminary assumption of the
authors, who expected polymers within the suspension efficient in minimizing drag to increase the elon-
gational viscosity of seawater [23]. According o the physical propertics of the intercomeocyte fluid ob-
served in our study, (he viscosities measured in the above-reported publication [31] are in agreement with
the high self-aggregating performance of the stratum corneum compeonents contributing to the formation
of aggregated particles rather than hydrated solubilized macromolecules. Solubilized macromolecules
reducing drag, such as glycoconjugates, are known, for example, from mucoid secretions of fish [22].

4.2. Rheology

Beesuse the corneocytes of dolphins are surrounded by a macromolecular coating [18], we have
demonstrated here that a fluid containing the coaling material collected from the intercorneocyte space
of the epidermis of the pilot whale transformed from sol to gel, forming a biogel. Since 1115 evident that a
gel [ills the space between the uppermost five to six layers of the stratum corneum (unpublished), which
~ are not i contact with seawater with potential 10 dilute the intercorncocyte material, we argue that the
gel formation in vive corresponds o our results on the undiluted sample in virro.

The gel formation terminates in the assembly of a viscoelastic solid. Identical Kinetic values were
" obtained under both stress-controlled and deformation-contrelled cxperimental condilions, indicating
independency of the gel kinetics from the kind of load applied. In contrast we found that in the me-
chanical spectra recorded the loss modulus of younger gels peaked arcund the frequency applied during
gcl kinetic experiments. This damping effect. potentially based on resonance, was compleiely reduced
in aged gels. Further investigations are planncd to analyze such damping etfect in the dependency of
various loads, We standardized handling procedures prior 1o data collection and cnsured that handling
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time was held constant and negligibly low compared to the experithental ume. Handling procedure in-
cluded centrifugation at constml speed and time. Before measurements, the samples were pooled from
the fractions centrifuged, alternatively diluted, loaded and covered by the vapor trap within 5 minutes.
The curves of gel formation shifted 10 the left, and cross-over events occurred approx. ong hour earlier
when using higher speed centrifugation (4000 Uhnin instead of 3000 U/min). Traces of gel kinetics were
reproducible when using aliquots of the same centrifugate. Because the concentration of undiluted sam-
ples varied slightly duc to (he varying water up-take during centrifugation, the differences of gel kinctics
between different undiluted samples displaying the same qualities and segmented curves indicated that
el kinetics were highly dependent of concentration. It was found, that cross-gver systematically oc-
curred earlier in less cancentrated samples and values of the moduli were lower after gel formation. We
sorted storage moduli (at ¢ — G*) of various undiluted and diluted samples by sample concentration
assayed by the Bradford glycoprotein assay or extrapolated concentration from the signals af the refrac-
tive index detector (compare [7]). The correlation established in this study indicates thar the Bradford
assay and the signals of the refractive index detectors can be used Lo evaluate the concentration of the
samples, whereby the extrapolation was preferred. Due to the fact that the conjngation of the stuin may
potentially be restricted to the external surfaces of the aggregates. the Bradford assay can be nusleading
in measuring the concentration of particularly highly concentrated glycoprotein-rich samples. However,
in order to compare the gel kinctics of different delphinid species, we think that it would be beller 10
define the sample concentration based on specific gel forming compenents in addition to the content of
glycoproleins.

The mechanical spectra of the undiluted polymerized gel showed that G7 and (' were independent of
frequency over a range of more than two decades. and, in addition, that the plateau region of (¢ was more
than ¢ne order of magnitude higher than G, These properties of the gel match with covalently cross-
linked structural gels [17]. Since the shear Unnning eftects observed during strain sweeps were reduced
in aged gels, shear thinning is indicative of both entangling and cross-linked agyregates, whereby the gel
formation of undiluted samples is clcarly dominated by the perpetual cross-linking of the aggregates, Tt
is suggested that reactions are based on affinily ol non-covalent cross-linked aggregates (cooperative ef-
feets) as well on covalent cross-linking reactions (accumnulative effects). Further experiments are planned
to investigate specific interactions of molecules of the statum corneum in connection with segmented
analysis of the gel kinetic data using more-event gamma distribution functions. The results of this analy-
sis are in uggreement with the conclusion from the strain sweep experiments, indicating the involvement
of non-covalent and covalent aggregation processes during the gel formation of the centrifuged stratum
corneum. Considering the impact on the aggregation process by L-cysteine, we suggesi thal free thiol
groups arc involved in the cross-linking reactions. Comparable to the netwaork propetties of the her-
eropolymeric keratin filament aggregates [24], we deteeled that the cenirifuged stratum corneum of the
pilot whale investigated in this study displayed strain hardening followed by a rapid yield of the strain
resistance. Unlike the preparations of keratin heteropolymers [24], no filament aggregates were present -
in the gel tested, Therefore the shear thinning elfects observed may be bascd on the presence of smaller
elements than filament aggregates, manifesting stiffer viscoelastic gels combined with higher internal
motiity.

Since in the post-gelling phase both moduli increased, we argue that the encrgy af the Toad was stored
elastically and dissipated during the experiment. So the energy may be transterred from the above-
mentioned viscoelastic-proteinacecus compartment inte the viscous-lipid compartment.

Considering the profile of the mechanical spectra, the gel displayed high elastic performance. The
stress damped at low [requencies w (o below 0.62 rad-s '} as indicated by the slight increase of the
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Toss modulus G concomitant with the slight decrease of the siorable free energy (not shown), and could
be caused the less effeclive activation of the viscoelastic network. The energy transferred into the lipid
droplets, however, can dissipate the energy of the load. These results showed that the gel was shear
resistant under stress conditions for more than several minutes. Since swimming, jumping and long-
term distance migration of dolphins, in particular, may induce high values of stress to the skin surface,
the measured gel characteristics indicating high stress resistance and structural integrity of Lhe stratun
corneur, corraborate the impoertant biological functions of this skin product.

The high elastic performance and the inclusion of lipids clearly contrasts with the biechemical and
* rheological properties of polysaccharide-based entangled gels originating from colloids, gel-particles
or biofilms of microfouling organisms [9,15,27,30,34,33]. Absorbed by the charged and hydrophobic
surfaces of organisms or ship hulls, such adhesive organic matter forms a conditioning organic layer,
Microfouling organisms altaching to and growing on this layer, initiate (he formation of a mucilagineous,
mainly polysaccharide-based, biofilm [10,16,34,37]. Campared to the high elastic performance of the
centrifuged gel of the delphinid stratum corneum, the elastic storage medulus of algal exudates and
bacterial biofilms are 1-2 arders of magnitude lower (20-40 Pa) [28,30.34,35]. In addition, lower values
of the wall stress 7 reported in biofilms indicate a lower shear resistance of the biofilms than Lhat of the
polymerized gel medium collected from the stratum corneum of the pilot whale. Since during jumping
of the dolphin shear stress is induced by the contact with an air-liquid interface or high water ow, we
argue from our experiments that the get filling the intercorncocyte space smoothing the skin surface [8]
can withstand higher shear strcss regimes than the mucoid contaminaticns. Therefore, contaminations
are detached from the skin surface under shear stress regimes, which do not atfect the structural inlegrity
or the position of the gel within the intercorneocyte space or the upper side of the stratum corneum.

We know from one of our previous studies [7], that the above-reported gel medium contains a variety
of hydrolytic enzymes. Considering the higher shear resistance of this gel compared with the biofilms,
the gel properties can, additionally, guarantes the retention of active hydrolylic enzymes in the superficial
layers of the skin during the jumping. Hydrolytic enzymes digesting the desmosomal jumctions in order to
initiate the desquamation process probably remove contaminations as large as the desquamating corneul
cells. Moreover, enzymes may hydrolyze adhesive mucilaginecus glycoconjugates uscd by biotoulers
for attachmenl. Therefore, the retention of enzymes to some extent broadens the self-cleaning abilitics
of the dolphin integument.

With respect to the relief of pores detived from the desmosomal nanoridges filled by the gel (8], the
latter obscures the surfaces of the corneocytes, forming an even plane surface with lateral irregularities
less than 30 am, Such a smooth sarface exhihils no particular microniches, in which binfouling organisms
are protected against shear stress or desorptive air-bubbles during jumping.

Comparing all these aspects, we can conclude that gel-forming abilities and propertics of this gel (high
shear resistance, high stress damping, alternating chemical surface activity, hydrolytic activily and skin
- smoothing) described in this stucy are indispensable for the self-cleaning aubilities of the dolphin skin.
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