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Charge and Interfacial Behavior of Short Side-Chain Heavily
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The current accepted model for high-molecular-weight gastric mucins of the MUC family is that they adopt a
polydisperse coil conformation in bulk solutions. We develop this model using well-characterized highly purified
porcine gastric mucin and examine the molecules’ charge and interfacial adsorption. “Orthana” mucin has short
side-chains, low levels of sialic acid residues, and includes minute amounts of cystine residues that can be
responsible for the self-polymerization of mucin. Atomic force microscopy and transmission electron microscopy
are used to examine the interfacial behavior of the mucin and clearly demonstrate the existence of discrete spherical
subunits within the mucin molecules, with sizes in agreement with static light scattering, dynamic light scattering,
and ¢ potential measurements. Furthermore images indicate the combs are assembled with a beads on a string
conformation; the daisy chain model. Zeta potential measurements establish the polyampholyte nature of the
mucin molecules, which is used to explain their adsorption behavior on similarly charged surfaces.

1. Introduction

Mucins are glycoproteins that are found ubiquitously in
animal organisms.' These mixed protein/carbohydrate mol-
ecules have bulk functional properties that give rise to well-
optimized viscoelasticities in many biological fluids such as
saliva* or the gelled structure of gastric mucosa linings.>>¢~'°
Furthermore, at biological interfaces, they greatly facilitate
boundary lubrication, reducing damage to soft motile tissues.''~'>

There are a wide variety of examples where mucins demon-
strate a dual role functioning in the bulk as well as at the
interface. Tooth pellicle is a complex formation comprised of
salivary mucins and proline-rich proteins;'*'®~'® oral, GI tract,
and respiratory airways have mucosa linings whose behavior
is closely related to cilia motility,” tear secretions contain ocular
mucins,'®?° and in synovial joints, the active component of the
lubricating layer on cartilage surfaces is a mucin-like biopolymer
lubricin.'>*'~>?

Lubrication is known to be associated with the ability to form
a dense hydrated layer at the surfaces of practically any
chemistry,'*'%2*2% including hydroxyapatite,”® metals, and
semiconductors.'”** This unique ability to adsorb is associated
with the block-copolymer structure of mucins®'*> that comprise
glycosylated hydrated comb-brushes, polyampholyte domains
with both positively and negatively charged amino acids,
interspersed with domains that are rich in hydrophobic amino
acids.> When adsorbed, the hydrophilic glycosylated comb
sections stretch out into aqueous media due to favorable
interactions with water,*'>?*3-38 thereby adopting a brush-
like architecture even if the whole mucin molecule is adsorbed
flat (Figure 1). The interaction between such mucin layers is
characterized by a repulsive net force that includes both entropic
(depletion) and electrostatic parts. [Comb side-chains of mucins
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Figure 1. Conformation of adsorbed layers of mucins: (a) mucin
brush; (b) flat conformation of adsorbed mucins with comb side chain
forming a secondary brushlike layer. Green is the carbohydrate, red
is positively charged protein, and blue is negatively charged protein.

are often negatively charged due to the presence of sialic
acid residues (pK, ~ 2) ® and/or sulfate groups (pK, =~
1)39.];%-12:15:24.30.34.4045 (53¢ factors are known to be crucial in
biolubrication, #4464

The actual conformation of the adsorbed layers depends
on the radius of gyration (R,) of the mucin, the type of protein
backbone, and the oligosaccharide sequence. Mucins and
mucous glycoproteins can adopt either brush-like (2 > R,,
where  is the layer thickness)'® or flat architectures (h <
R,).092434364030°3% The flat layers are reported to correspond
either to adsorbed coils,”~° extended threads (found prima-
rily for ocular mucins'***37-2), or complex architectures, >33+

In the bulk, hydrophobic domains facilitate mucin self-
association, and this aggregation mechanism stands alongside
intramolecular disulphide bridging®*° or calcium-mediated
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Figure 2. Dependence of the ¢ potential of mucin on the pH of the
solutions from electrophoresis experiments.
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Figure 3. Dependence of the ¢ potential on mucin concentration from
electrophoresis experiments.

cross-linking®® to promote the formation of strong viscoelastic
gels. Association of mucin through hydrophobic domains has
been confirmed by a number of reports,>®!%3152 byt the
surface architecture of such aggregates remains elusive.

In this report, we image the surface architecture of well-
characterized mucins at hydrophilic substrates.>® This tends to
encourage the formation of globular surface adsorbed structures,
as the hydrophobic domains on the mucins interact with each
other more favorably than with the hydrophilic substrate. We
have used highly purified short side-chain porcine gastric mucin
similar to human MUCS6 type, “Orthana” mucin. This mucin is
characterized by short side chains, low levels of sialic acid
residues, and includes minute amounts of the cysteine residues
that are responsible for disulphide bridge formation. We find
evidence for the daisy chain (dumbbell) configuration in the
bulk that was suggested by us previously,*® examine the charge
and complex interfacial adsorption processes,’®>**** and dem-
onstrate the formation of a two-dimensional network at lower
pH values (pH < 4).°'

2. Experimental Section

2.1. Mucin Preparation. Pharmaceutical grade porcine gastric
“Orthana” mucin was purchased from A/S Orthana Kemisk Fabrik,
Kastrup, Denmark. “Orthana” mucin is used in a saliva substitute
formulation “Saliva Orthana” and originates from the linings of porcine
stomachs. The commercial preparation was extensively dialyzed to
remove all salts and other low-molecular-weight additives. It was
lyophilized and stored for use as required. All solutions were made by
dissolving weighed portions of the lyophilized material in ultrapure
(resistance 18.2 M cm) water, the sample was shaken for 2 h, and
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Figure 4. (a) AFM topography and (b) phase of mucin adsorbed film
with a tapping force of 100 pN in the low bulk mucin concentration
limit.
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Figure 5. Size distribution histogram (R,r\size in nm) for the globular
features in the adsorbed mucin film at low bulk mucin concentrations.

subsequently filtered through a Sartorius “Minisart” filter (200nm pore
size). The solutions were used immediately after preparation.

2.2. Electrophoresis. The measurements were performed using a
ZetaSizer Nanoseries from Malvern Instruments. The measurements
were conducted at 25 °C with disposable Folded Capillary Cells
(Malvern, UK). The solutions had to be slowly injected through the
cell to ensure that all the air bubbles were removed. All solutions were
filtered through a Minisart sterile filter with a pore size of 0.2 yum.

The ¢ potential was measured at several different values of pH, salt
concentration (/;), and mucin concentration. Seven mucin concentrations
were examined in the range 1-100 mg/mL at constant salt concentration

(10 mM NaCl). A constant mucin concentration (30 mg/ml) w@PV



Short Side-Chain Heavily Glycosylated Porcine Stomach Mucin

b)

[——Gaussian it]

Count

=
T T T T
0.4 0.6 0.8 1.0 12

Log{R,,,[nm]}

Figure 6. (a) TEM micrograph (bar 50nm) and (b) size distribution
histogram of mucin film (2 mg/ml solution). A hydrophobic carbon
film is used for the adsorption process.

examined in different NaCl concentration solutions ranging from 1 mM
to 1 M. Also a constant mucin concentration (30 mg/ml, 25 °C) was
examined in different buffer solutions with pHs in the range 2—-11.
Furthermore, a constant mucin concentration (30 mg/ml) in 0.01 M
NaCl solution was examined as a function of pH, titrated in a range 2
< pH < 11 using NaOH and HCI solutions with an autotitrator unit
MPT-2 from Malvern Instruments.

2.3. Atomic Force Microscopy (AFM) Imaging. Atomic force
microscopy images were obtained using a MFP-3D-IO instrument
(Asylum Research, CA), an atomic force microscope integrated with
an inverted optical microscope. For imaging, we used silicon tips
(MikroMasch, Estonia, single beam shaped): (i) “CSC37/AL BS” for
contact mode imaging, and AC mode in liquids, (ii) “NSC35/Al BS”
for AC mode in air, and (iii) “NSC36/AL BS” for AC mode in liquids.

We used either a microscope slide glass or mica as a substrate for
AFM imaging. All measurements were done at room temperature. Three
methods of sample preparation were used:

Adsorbed Layers. a drop of mucin solution was deposited onto a
glass/mica surface and incubated over a certain time (~20 min). Then
the droplet was rinsed with the corresponding solvent. The substrate
with an adsorbed film of mucin was either dried under a nitrogen jet
for in-air images or instantly immersed in an aqueous solution (10 mM
NaCl) for in-liquid imaging.

Arrested Layers. A drop of mucin solution was deposited on a glass/
mica surface and incubated for 1-2 min Then the drop was dried under
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Figure 7. (a) TEM micrograph (bar 100nm) and (b) size distribution
histogram of mucin films (1 mg/ml bulk solution). A hydrophilic carbon
film is used for the adsorption process.

the nitrogen jet. This method allows for the arrest of nonadsorbed
compounds present in the bulk solutions that are easily washed away
by rinsing.

Dried/Rehydrated Layers. A drop of extremely dilute mucin solution
was deposited onto a glass/mica surface and incubated in a nitrogen
atmosphere in a laminar flow cabinet for a few hours until completely
dry. All the material dissolved in the bulk solution accumulates on the
surface that enables subsequent wet/dry imaging.

2.4. Transmission Electron Microscopy. TEM measurements were
performed with a JEOL JEM-1200 EX II microscope. Mucin samples
were prepared using deionized water, EtOH, and NiCl, solutions. The
samples were negatively stained onto either a carbon-coated hydro-
phobic grid or a plasma-treated carbon-coated hydrophilic grid.

3. Results and Discussion

3.1. Electrophoretic Behavior of the “Orthana” Mucin.
It was established from chemical analysis that “Orthana” mucin
has predominantly neutral O-linked oligosaccharide side chains
that provide essential hydrophilicity, allowing mucin to be
dissolved relatively easily in water at concentrations of up to
200 mg/ml with no evidence of phase separation.®® The presence
of positively charged domains and hydrophobic amino acid
residues suggests that mucin is a heterogeneous hydrophobic
polyampholyte. The charge distribution was assessed using

electrophoretic measurements, and it demonstrated good agr€€DV
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Figure 8. (a) AFM topography and (b) phase of dried mucin adsorbed
film in the high bulk mucin concentration limit.

ment with the recent data of Spencer at al."* (Figure 2). The
low values of the ¢ potential and the asymptotic isoelectric point
(the mucin molecule remains net negatively charged at all values
of pH) suggest that mucin molecule is weakly charged. Mucin
possesses both positively and negatively charged domains, so
they must exist in a state of balanced charge regulation that
prevents the mucin molecule from inverting its charge; the exact
mechanism of such a charge regulation is unclear, but it may
be realized through multiple mesoscale dipole moments within
the mucin domains similar to those suggested by Dobrynin and
Rubinstein for the necklace structure of polyampholytes in bulk
solutions.®’

The effect of mucin concentration in the low salt regime on
the value of the { potential is presented in Figure 3. The scaling
parameter is found to be equal to 0.2. The electrophoretic
measurements are based on mobility detection via dynamic light
scattering, and therefore the effective { potential corresponds
to the charge at the hydrodynamic plane of shear. The apparent
decrease in the absolute value of the § potential with increasing
mucin concentration may be connected with structural changes
within the bulk mucin solution due to the self-charge screening
effect of neighboring charged molecules as they approach the
semidilute overlap concentration. The ionic strength was found

Yakubov et al.
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Figure 9. (a) AFM topography and (b) phase of mucin adsorbed film
in 10 mM NaCl at the high bulk mucin concentration limit.

to have a small effect on the electrophoretic mobility of mucin
up to relatively high salt levels of ~100 mM; above that level,
we have observed an increase in mobility that we attribute to
the shrinkage of mucin molecule as reported previously.®® Here
we can only hypothesize that the shrinkage leads to a consolida-
tion of charges at the surface of the molecule that in turn lead
to an increase in mobility.

For silica particles (» = 70 nm, BangsLabs, CA) modified
with an adsorbed layer of “Orthana” mucin, we have observed
an increase in the charge screening of the silica from —59.4+1
mV (bare silica particle, 10 mM background NaCl) to about
—34.0£2 mV for mucin-coated silica particles, thus suggesting
a partial electrostatic screening and a shift of the effective
electrophoretic shear plane.

3.2. Structural Analysis of Adsorbed Layers. To find
support for the daisy chain model for the mucin molecule,®®
we have performed AFM and TEM measurements on adsorbed
and arrested layers. It is known that mucins can adsorb onto
the surfaces of virtually any chemical nature. Mucin is a
polyampholyte, and the adsorption phenomena on silicon oxide
or mica can be explained within a framework of polyampholyte
adsorption due to the polarization of chains by an external
electric field created by the charged substrate.®” According to

this model, there are three basic configurations of the adsorb@DV
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Table 1. Percentage of Coverage of Silicon Oxide Surface as a Function of Bulk Mucin Concentration from AFM Measurements

concentration of bulk mucin solution (mg/ml) 30.0 error (+) 1.0 error (+) 0.10 error (+) 0.010 error (+)
percentage coverage 14.8 13.1 11.6 6.4

average area of the molecules (um?) 0.0357 0.0014 0.0268 0.0014 0.0176 0.0007 0.0120 0.0012
average radius of the surface adsorbed 106.6 21.4 92.4 21.4 74.9 15.1 61.9 20.2

pancakes (R, nm)’?

polyampholyte chain. (a) A pole regime observed when the
electric field decay length is larger than the size of the chain.
For mucins with a molecular weight of 546 kDa and radius of
gyration 52 nm, this condition is not satisfied because the
Gouy—Chapman length (A = 1/27,0 ~ 10 nm for a mica surface
with & potential of —60 mV from conductivity measurements
and the shear place is assumed to occur at Inm from the surface)
is always smaller than the chain size. For this type of structure,
AFM visualization would be expected to detect a single “blob”
that corresponds to the anchoring point®® or an “empty/
featureless” image that is due to the high flexibility of the
polymer chain. The fence regime (b) occurs when the chain is
confined within the Guy—Chapman length and is divided into
subsections of size A. These subsections are strongly attached
to the surface and would be expected to be visualized in an
AFM experiment. If 4 is further decreased, then the system
crosses over in to the pancake regime (c). In this case, all
domains with charges opposite to that of the surface are within
a distance A of the surface. This conformation can be easily
discriminated using AFM imaging because the density of a
pancake is sufficient to generate a mechanical response on the
cantilever.

As an initial step, a mucin layer was adsorbed from a very
dilute solution (3 x 10~> mg/ml) onto plasma-treated glass and
the adsorption time was 30 min. By using low concentrations,
the formation of multilayers was avoided that are typical in
polyampholyte adsorption.®” The softness of mucin molecules
reduces the contrast of images due to contact deformation, and
therefore great caution was taken in adjustments of the tapping
force and the oscillation amplitude in order to minimize these
distortions.

Figure 4 is a 800 nm field intermittent contact mode image
taken using a tapping force of 100 pN. The height image depicts
globular features that homogenously cover the surface. The
complimentary phase image clearly depicts softer areas as darker
spots.

700

nm

1] 100 200 300 400 500 600 700
nm
Figure 10. AFM topography of a complex adsorbed layer of
mucin.

Figure 5 is a histogram of the distribution of lateral dimen-
sions (R pyy) based on the analysis of the AFM image (Figure
4). The value of R gy is found to be 9.5£3 nm. This value
coincides with the dimensions of the internal daisy beads of a
mucin molecule determined previously using dynamic light
scattering;®® the observed results also agree with the recent work
of Hong at al.>'

To acquire complimentary data, transmission electron mi-
croscopy measurements were performed on surface-adsorbed
mucin samples from a bulk mucin concentration of 2 mg/ml
that were deposited onto a hydrophobic carbon film (Figure 6)
and a 1 mg/ml sample that was deposited onto plasma-treated
hydrophilic carbon film (Figure 7). Analysis of these images
giVeS RTEM(hydrophobic) = 6:|:2 nm and RTEM(hydrophilic) = 7:|:15
nm for the radius of the globular surface structures. Taking into
account the shrinkage of the molecule during TEM sample
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Figure 11. (a) AFM topography and (b) phase of mucin film deposited
from sodium acetate buffer (pH = 4.9). The image was collected with

a conventional AFM tip. CDhV
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Figure 12. (a) AFM topography and (b) relative phase of mucin film
deposited from sodium acetate buffer (pH = 4.9). The image was
collected using a HI-RES tip.

preparation, these features are identified with daisy beads of
the mucin molecule.

In Figures 8 and 9, AFM images are shown of mucin
adsorbed from 30 mg/ml bulk solutions taken in air and in 10
mM NaCl solution, respectively. Features with radii bigger than
those for the sample prepared from the very dilute mucin
solution are observed, and the analysis provides values of
Rarn™ = 58£15 nm and Rppy™ = 107421 nm. These
dimensions correspond to the size of the whole chain morphology.

Subsequent dilutions of the bulk solutions produce homoge-
neous coverage, and the analysis of images taken at 1, 0.1, and
0.01 mg/ml bulk concentrations is summarized in table 1. The
structure of these adsorbed layers is found to be complex. In
Figure 10, we present a high-resolution image of the layer
formed from 1 mg/mL mucin solution. In the central area of
the image, small domains can be observed similar to those
visualized before (Figures 4) and identified as “daisy beads”. If
the first layer of mucin corresponds to the polyampholyte fence
configuration, then subsequent layers are in the tail area of the
Gouy—Chapman length and therefore adopt a pancake confor-
mation.” In the case of the layer formed from 0.01 mg/ml
solution, the radius of the adsorbed pancakes (~60 nm) can be

Yakubov et al.
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Figure 13. AFM topography of mucin film deposited from 1:1 water/
ethanol mixture. The image was collected using a HI-RES tip.

correlated with the radius of gyration of a mucin molecule in
bulk solution (R, = 52 nm). There is no clear quantitative
relationship between the radius of a pancake and the radius of
gyration, but generally pancakes are wider than a three-
dimensional coil or globule.

Because the observed globules have no internal structure, they
can be analyzed as liquid drops, and the surface free energies
of the globules to follow the Young—Laplace equation.®® The
contact angle can be easily calculated from the AFM images
by assuming that globules can be represented as spherical caps,
cos 0 = (R?spmi — I Ap)/(R% Apnt 1 ap)> Where Ry and
hapnm are the radius and the height, respectively, derived from
AFM images. The contact angle was found to be 10+£3°,
indicating that globules wet the surface with a strongly favorable
surface/globule interaction. It was also inferred that the contact
angle does not depend on the concentration of the bulk mucin
within experimental error, and thus the process should be
governed solely by the electrostatic interactions between mucin
and the underlying substrate. For these contact angles, it is hard
to distinguish between the “pancake” and spherical cup con-
formations because hapv/Rapv << 1. Another interesting
observation was made while comparing the effective volume
of the cups (Veap = 1/677 hppng* QR apns + B apn)) and volume
of mucin molecule in the bulk Vg x = 4/37+R>. It appears
that when adsorbed the mucin molecules occupy 37 times less
volume then in the bulk, which potentially may indicate that
upon adsorption, mucin indeed collapses in a dense configura-
tion, with water being depleted. Such depletion would lead to
a higher energy of adsorption per unit area in comparison with
the case where only electrostatic mechanisms are involved.

In table 1, it is observed that both the average width of the
mucin “pancakes” and the percentage surface coverage decreases
with decreasing concentration of the bulk mucin. Another
unusual property of the adsorbed mucin molecules is their
tendency to associate; in Figure 10, most of the pancakes have
a figure-eight shape, indicating two cojoined molecules.

Several methods of sample preparation were investigated,
including NiCl, modification of the mica surface and deposition
from acetate buffer and (1:1) water/ethanol mixtures. A 0.1 mg/
ml mucin solution and a range of NiCl, solutions from 1 to 3
mM were used. The effect of the addition of NiCl, to the mica

substrate did not lead to the unfolding of “Orthana” mudBDV
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Figure 14. (a) AFM topography and (b) amplitude of mucin film
deposited from pH 3 100 mM sodium acetate buffered mucin solution.

molecules in contrast to the results of Brayshaw and McMaster
for ocular mucin.®®

The best results were achieved using water/ethanol mixtures
and the acetate buffer. The crucial element was the use of HI-
RES SPM probes (MikroMasch, Estonia) with extremely sharp
diamond-like carbon extratips at the apex. The typical radius
of curvature of an extratip is ~1 nm and its height is ~100-200
nm. Using a conventional SPM probe, images were obtained
for mucins deposited from acetate buffer (40 mM, pH = 4.9,
mucin concentration 0.1 mg/ml) (Figure 11) that are morpho-
logically similar to those obtained using TEM (Figure 7). The
image has two types of structures, namely “big” and “small”.
The phase image may indicate that “bigger” blobs consist of
several smaller blobs. If we attribute these “small” features to
daisy beads, then the possible number of beads per mucin
molecule is ~2—4. Using HI-RES probes, links between the
daisy beads could be visualized (Figure 12). A clearer repre-
sentation of the chains is obtained for the molecules deposited
from 1:1 water/ethanol mixtures (mucin concentration 0.01 mg/
ml) (Figure 13). The naked chains are distinctively contrasted
against the surrounding more compact daisy beads. The daisy
chain model for the mucin molecule therefore finds strong
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Figure 15. AFM topography of a mucin film deposited from pH3 100
mM sodium acetate buffer solution.
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Figure 16. Size distribution histogram of mucin film deposited from
pH 3 100 mM sodium acetate buffer solution.

evidence in both previous scattering experiments,®® and the
current § potential and imaging results. In addition the observed
globular instability helps explain the liquid scaling of the
structure factor peak (c1/3) of mucins measured in small-angle
neutron-scattering experiments>® above the chain overlap con-
centration (c¢*). This is in contrast to the c1/2 scaling of the
correlation length expected with linear polyelectrolytes. It is
concluded that the mucin chains are in the “bead controlled
regime” above ¢*.7%72 and it is the interbead distance that is
measured in neutron experiments.

3.3. Effect of pH. Generally, pH has been shown to have a
strong effect on mucin configurations.>®>'? Although nonsticky
“Orthana” mucin does not exhibit a macrogel phase, in general,
the aggregation of mucins is expected at both low and high
values of pH.> One of the generic mechanisms observed is a
cross-linking via hydrophobic domains that is especially relevant
at low pH values, where negative charges are suppressed in the
acidic environment.

To investigate the structure of mucin in an acidic environ-
ment, 100 mM sodium acetate buffer at pH 3 was used. The
images of the adsorbed layer structures are presented in Figures
14 and 15. The average size of the domains is found to be 55+8
nm (Figure 16). These domains are most probably due to single
mucin molecules interconnected through molecular bridges

forming a gel-like or highly entangled structure at the solgDV
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surface. The interconnecting chains, as well as daisy beads, can
be seen from these images and suggest that some globular
features may consist of daisy beads that belong to different
mucin molecules.

4. Conclusions

The experimental investigation of “Orthana” mucin molecular
conformation in aqueous solutions reveals a daisy chain
configuration. The daisy beads are roughly spherical and are
separated by flexible chains, presumably consisting of glyco-
sylated fragments. The daisy beads are most likely due to
intramolecular assemblies of hydrophobic domains that are
surrounded by hydrophilic neighboring parts of the mucin
molecule. The daisy chain conformation stems from both the
polyampholyte and hydrophobic nature of the mucin, which has
a relatively high proportion of basic amino acids and negatively
charged sugars as well as the presence of hydrophobic domains.
A single mucin molecule consisting of ~2—4 daisy beads
interconnected via flexible chains, which is observed clearly in
AFM and TEM images.

The value of & potential is found to be net negatively charged
and relatively small in absolute value between —3 and —9 mV
due to the absence of oligosaccharides with charged sialic acid
residues. The mucin molecules act as weakly charged poly-
ampholytes.

The adsorption of mucin onto hydrophilic surfaces is char-
acterized by the formation of a complex morphology with
different layer structures between the layers, namely fencelike
structures and pancake-type structures that are probably formed
by entangled aggregates trapped during adsorption.”* The width
of the mucin pancakes and their coverage decrease with
decreasing concentration of the bulk mucin.
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