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Effect of pH on the rheological response
of reconstituted gastric mucin

Efecto del pH en la respuesta reologica
de mucina gastrica reconstituida

dJ. Caicedo!, J. E. Perilla?

ABSTRACT

The rheological response of reconstituted gastric mucin was studied by time dependent rheological experiments as function of pH.
Mucin concentrations of 5% and 10% were prepared in buffer dispersions at pH of 1.15, 2.00, 2.55, 4.00 and 7.67. The isoelectric
point was identified by z-potential between pH 2.00 to 2.55. Dynamic light scattering showed that as pH reduced, a second popula-
tion of larger mucin aggregates was formed indicating the presence of new structures. Steady shear rheological measurements reflec-
ted the pseudoplastic behavior of mucin dispersions and the effect of concentration on viscosity. Creep-recovery measurements were
performed on the regenerated mucus at different levels of pH. By creep, it was possible to determine the values of zero-shear-viscosity
of mucin suspensions, with higher precision and in a lower experimental time than steady shear measurements. Additionally, it was
found that at pH ~1.15, the viscosity of the mucus increased to high values, which is an indicative of a gel-like structure. By recovery
experiments, it was possible to find that even the very low viscosities the mucin suspensions at pH ~1.15 possessed a defined elastic
character. By the use of a four-element mechanistic viscoelastic model, it was concluded that this elasticity underwent retardation
due to the combined effect of viscous and elastic responses.

Keywords: Mucin, rheology, z-potential, creep, elasticity.

RESUMEN

Se estudi6 la respuesta reoldgica de mucina gastrica reconstituida como funcién del pH mediante experimentos reolégicos
dependientes del tiempo. Se usaron concentraciones de mucina del 5% y 10% en soluciones buffer a valores de pH de
1.15, 2.00, 2.55, 4.00 y 7.67. Mediante potencial zeta se identifico que el punto isoeléctrico se ubicaba entre pH de 2.00
a 2.55. Los estudios de dispersion de luz dinamica mostraron que a mediada que el pH se reduce, una segunda poblacién
de agregados de mucina se forma, indicando el estructuramiento dentro del fluido. Las mediciones reolégicas en estado
estable, mostraron el comportamiento seudoplastico y el efecto de la concentracién en las soluciones de mucina. Se lle-
varon a cabo determinaciones de fluencia lenta-recuperacion sobre las suspensiones de mucina a diferentes valores de
pH. Mediante fluencia lenta, se determinaron los valores de viscosidad a cero corte con mayor precisién y menor tiempo
experimental que las mediciones de estado estable. Adicionalmente, se encontré que para pH ~1.15 la viscosidad del mu-
cus incrementd a valores altos, lo cual es una caracteristica de las estructuras tipo gel. Los experimentos de recuperacion
mostraron que aun a bajas viscosidades las suspensiones de mucina a pH ~1.15 poseian un cardcter elastico definido.
Mediante el uso de un modelo viscoelastico de cuatro elementos, se concluyé que esta elasticidad presentaba respuesta
retardada debido al efecto combinado de los efectos viscoso y eldstico.
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Introduction

Mucus is a viscous layer that covers the internal walls of
the human cavities, which otherwise would be exposed to
the environment with no protection (Ashida et al., 2012).
This includes the respiratory, gastrointestinal, reproductive,
nasal and ocular surfaces (Hong et al., 2005). The main
functions of the mucus are protection and lubrication. In
fact, mucus is an efficient barrier to pathogens and other

substances, but allows the passage of nutrients and the ex-
change of gases with the epithelium (Harding, 2006).

The study of the interaction between mucus and polymers
has deserved considerable attention in the last years, due to
the development of mucoadhesive formulations for contro-
lled release of pharmaceuticals. In this way, the residence
time of the dosage form can be appreciably increased opti-
mizing the delivery of an active substance. Mucoadhesion
is a complex phenomenon that comprises the humectation
of the polymer in contact with the mucus, and also specific
interactions between mucoadhesive polymers and mucin.
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EFFECT OF PH ON THE RHEOLOGICAL RESPONSE OF RECONSTITUTED GASTRIC MUCIN

Excellent reviews can be found elsewhere (Boegh & Niel-
sen, 2015; Alexander, 2011; Harding, 2006; Smart, 2005).

Mucus is composed of water (95 %), mucins (5%), and
other components in much lower amounts (Alexander,
2011; Hong et al., 2005). Mucins are glycoproteins with
a high degree of glycolization that can be treated as high
polymers (Smart, 2005). Therefore, as in polymer disper-
sions, the conformation of mucins in dispersion defines the
viscoelastic character as well as other properties of the mu-
cus (Celli et al., 2005). The exact composition, thickness
and structure of mucus are mainly governed by the nature
of the tissue that is being protected, and the amount of salts
and other minor components. In the case of gastric mucus,
it has been studied that in acid media, mucins change their
conformation forming a high viscous gel (Boegh & Niel-
sen, 2015; Hong et al., 2005). This gel becomes an efficient
layer that protects the stomach from being ingested by its
own gastric acid during digestion.

Gelation of gastric mucus has been studied by several expe-
rimental techniques (Bansil et al., 2013; Hong et al., 2005).
It has been concluded that conformational changes in mu-
cin are developed as the pH is reduced to pH < 2. Z-po-
tential has also demonstrated the existence of an isoelectric
point (IEP) at pH between 2 and 3, indicating a change
in the charge of the molecule as pH decreases (Bansil &
Turner, 2006). However, the mechanism of mucin aggre-
gation/gelation and the sol-gel transition in gastric mucin
at low pH is not fully understood. Bansin and coworkers
(2013) have proposed the formation of gel as the result of
a complex interaction between hydrophilic and hydropho-
bic groups. It is believed that the formation of large linear
glycoproteins take place via disulfide (S-S) linkages in the
cysteine terminals of the molecule. As the pH is reduced,
hydrophobic associations in the non-glycosilated domains
induce the formation of non-covalent crosslinks. Thus, a
physical crosslinked network is consolidated which is able
to stabilize water molecules by the hydrophilic groups for-
ming a protective gel.

It is known that the formation of gels in gastric mucin at
low pH develops also unique rheological features (Bansil
et al., 2013; Celli et al., 2007; 2005). Gels are characteri-
zed by a viscoelastic response originated by the combined
effect of both solid-like and liquid-like behavior. Oscillatory
shear rheometry reveals that at pH > 4, the loss modulus
(G”) becomes higher than the storage modulus (G’) at low
shear frequencies, as it is characteristic of the viscous flow
of polymer dispersions (Macosko, 1994). On the other hand,
in acidic media, the formation of the endless interconnected
structure consolidates the elastic behavior of the gel charac-
terized by G’> G”. Oscillatory shear rheology has also been
used to characterize muadhesion (Mayol et al., 2008), and
other polymeric gels (Perilla et al., 2010). However, it has
been found that the elastic character of the gels is not totally
developed, probably because in most of the experimenta-
tions reconstituted gastric mucin was used. Apparently, the
purification process to obtain mucin removes salts and other
minor components that play a determinant role in the gel
formation process (Celli et al., 2007; 2005).
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Creep-recovery is a time dependent rheological experi-
ment, which is particularly useful in gels where long re-
laxation times need to be characterized. Figure 1 sketches
the principle of creep-recovery. At t=0, a constant shear
stress, T,, is applied and the shear strain, y(t), is recorded as
a function of time. At the so-called creep time, 1, the stress
is removed and the shear recovery, , is measured during the
recovery time . From creep-recovery data, creep complian-
ce, and recoverable creep compliance may defined by:

J(l):7<l>/To M

Jr (tr’t(]):ryr (zr’tO)/TO (2)

Creep-recovery allows characterizing the terminal region of
the linear viscoelastic spectra in a much lower experimen-
tal time than in dynamic rheology. In this report, the rheo-
logical behavior of reconstituted gastric mucin was investi-
gated as function of pH by creep-recovery. The advantages
of creep recovery experiments were evident to characterize
this process, and the results were compared with steady
state rheology, dynamic light scattering and zeta potential.

Stress (t)

Deformation (1)

0 1 L=t—1g

Figure 1. Schematic of a creep-recovery experiment.

Materials and methods

Materials

Partially purified mucin from porcine stomach type Il was
purchased from SIGMA and maintained at T~ 4°C. Buffer
dispersions were prepared using distilled water and acid,
and bases of analytical grade. Mucin dispersions were
mixed in sterilized flasks, at 5 and 10% weight to volume
in a laminar flow chamber. Five values of pH were inves-
tigated in this report, pH~1.15, 2.00, 2.55, 4.00 and 7.67.
After prepared, dispersions were kept at T~ 4°C, and tested
within 24 to 72 hours after preparation.

Characterizations

Scattering and z-potential: The size of mucin aggregates
was measured by dynamic light scattering (DLS). DLS and
z-potential were determined in a ZetasizerNano ZS (Mal-
vern Instruments, U.K.). Samples were prepared at a con-
centration of 0.1 mg/ml at pH 1.15, 2.00, 2.55, 4.00 and
7.67. Prior to analysis, the samples were stirred at room
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temperature and then, centrifuged at 20000 X g for 20 mi-
nutes in a Hermle-Z233 M-2. After centrifugation, samples
from each supernatant were used for size analysis and zeta
potential. Measurements were run at T~ 25°C, with a time
of stabilization of 120 s.

Steady rheological measurements: Rheological characteri-
zation of mucin dispersions was carried out in a rotational
rheometer Malvern Bohlin-Instruments CVOR rotational
rheometer. For the steady state measurements, a 40 mm
cone-and-plate setup was used with a cone angle of 2°. A
controlled strain sweep was carried out varying the shear
rates between y ~ 0.001-10 s™'. Shear viscosity, 1, was re-
corded as function of y. Testing temperature of T~ 25°C was
controlled by a Peltier plate.

Constant stress rheological measurements: In order to study
the viscoelastic nature of the regenerated mucus, creep-re-
covery measurements were carried out on the samples
using a Malvern Bohlin-Instruments CVOR rotational rheo-
meter with a 40 mm cone-and-plate arrangement with a
cone angle of 2°. An experimental temperature of T~ 25°C
was controlled with a Peltier plate. At t=0, a constant shear
stress of t,~ 0.006 Pa, was applied to the samples, and the
shear strain was recorded up to a creep time of 7 ~ 100 s.
Then, the stress was removed and the shear recovery was
recorded for T ~ 100 s. In order to account the effect of the
residual torque during recovery, the true recovery, J", was

computed from the measured recovery, J"™* as indicated
in Equation 3 (Minstedt, 2014).

d]:m'as ( tr )
d,

Jﬁrue (t,,) — J;neax (Z') (3)

Results and discussion

It has been recognized that as the pH of the media is redu-
ced, conformational changes take place in gastric mucin
inducing the formation of a stable gel in the mucus. These
changes are reflected in Figure 2, where the z-potential is
represented as a function of the pH. In Figure 2 it can be
seen that the z-potential of the dispersion increases drasti-
cally when the pH of the mucin dispersion decreases from
pH ~7.67 to 4.00. As the mucin dispersion becomes more
acidic (pH < 4.00), the zeta potential increases moderately,
and the change from negative to positive z-potential values
lies roughly between pH values of 2.00 and 2.55. This point
is known as the isoelectric point (IEP), and indicates that
the interaction between the mucin and the media changes
as the pH is reduced. Thus, as the environment becomes
acidic, the chain conformation may change inducing a mu-
cin-mucin interaction stronger than mucin-buffer, resulting
in a physical network capable to form gels.

Figure 3 presents the size of the mucin aggregates with res-
pect to the pH, measured by DLS. At pH ~7.67, which is the
more basic buffer used in this study, DLS shows that mucins
form a monodisperse dispersion. When the pH is reduced,
the amount of mucins forming larger aggregates increases,
evidenced by the bimodal dispersion for pH <4.00. A clo-
ser look of Figure 3 reveals that in the vicinity of the IEP

(pH ~2.00-2.55), the second peak becomes much stronger.
For the most acidic dispersion studied (pH ~1.15), the po-
pulation of larger aggregates is reduced and the shape of
the particle size distribution resembles the one detected at
pH ~7.67. The tendency of mucins to form aggregates has
been proved by simulation studies using dissipative particle
dynamics (Moreno et al., 2015).
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Figure 2. Evolution of zeta potential [mV] with pH for mucin disper-
sions at 25°C.
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Figure 3. Particle size distribution of mucin dispersions for the investi-
gated levels of pH at 25°C.

From the results of DLS and zeta potential, one may con-
clude that mucins interact with the media differently as
the pH is reduced, and, that the conformational changes
in the mucin are responsible for the formation of gel struc-
ture. As it is known, a sol-gel transition is characterized by
an abrupt increase in the viscosity. In order to investigate
this effect, the rheological behavior of mucin dispersions
for pH values between 1.15 and 7.67 was determined in
a cone-and-plate rotational rheometer. Figures 4(a) and (b)
present the 17 vs. y plots for mucin dispersions with concen-
trations of 5% and 10% respectively. As it may be antici-
pated a shear, thinning behavior is observed for the mucin
dispersions and the increase in viscosity with concentration
is reflected. However, the effects of pH are not clearly seen
and the data is very scattered to associate with the structu-
ral changes studied in Figures 2 and 3. Therefore, for the
shear rates studied in this research, the levels of viscosity
are still very low to be adequately detected by steady shear
rheometry. It is necessary to emphasize at this time, that in
this research partially purified gastric mucin was used, and
that as result of the purification processes and the absence
of the minor components present in the physiological mu-
cus, the possibilities of gelification may be strongly redu-
ced. Additionally, the strength of the physical crosslinks in
the gel may be so weak that they could be easily degraded
at the shear rates investigated.
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Figure 4. Shear viscosity vs. shear rate for mucin dispersions at T
~25°C, different pH (series) and mucin concentrations of 5% (a) and
10% (b).
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Figure 5. Logaritmic plots of J(t) (a and ¢) and ¥/J(t) (b and d) as func-
tions of creep time and pH (series), for mucin dispersions at T ~25°C
and mucin concentrations of 5% (a and b) and 10% (c and d).

The steady rheological measurements presented in Figure 4
indicate that in order to characterize the gel-like structure
for the mucin dispersions, it would be necessary to carry
out the rheological experiments at very low shear rates in
steady rheology or very low frequencies in shear oscillatory
experiments. This kind of experiments would become im-
practical for aqueous and biological dispersions due to the
effects of evaporation and degradation at long experimental
times. Thus, in order to overcome this effect, creep-reco-
very tests were performed on the samples. Figures 5(a) and
(c) show the creep measurements for 5% and 10 % mucin
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dispersions at T~25°C respectively. For all traces, the effect
of a finite rate of response of less than a second, and a very
small value of ] ~ 1.5 [Pa™'] could be detected. This small
elastic response is too slight to indicate that a true and sta-
ble molecular network was developed. For pH ~4.00 and
7.67, creep curves follows a linear tendency with a slope of
the log J(t) vs. log t plot approaching to one. This is a feature
of the linear viscoelastic behavior (Minstedt, 2014), which
demonstrates that the t, fixed in this research characterized
the mucin dispersions at practically unattainable levels in
steady or oscillatory shear rheometry. Figures 5(a) and (c)
also reveal that for pH ~2.55, the slope of the log J(t) vs. log
t plot is slightly lower than one which may be the result of
higher viscosities generated by the structures observed in
Figure 3 at this pH. This effect is more notorious as mucin
concentration increases. When the pH is further reduced
(pH ~2), the tendency of the plots resembles that of pH
~4.00 and 7.67, with a slope at long creep times approa-
ching to one. These changes in creep are attributed to the
conformational changes characteristic of the IEP. Interes-
tingly, at the lowest pH studied in this research, pH ~1.15,
the slope of the creep curve is clearly lower than one. Fi-
gures 5(b) and (d) present the plots of t/J(t) vs. t, for mucin
dispersions at 5% and 10% respectively. It is known that
at long creep times the following relationship is obtained
(Minstedt, 2014):

!imJ(t)zt/nO (4)

where 7, is the zero shear viscosity. Equation 4 indicates
that the function t/)(t) plotted in Figures 5(b) and (d) attain
a constant value as time increases, which corresponds to
n,- Thus, Figures 5(b) and (d) clearly shows that there is a
distinctive change in viscosity in the vicinity of the IEP attri-
buted to the larger structures reflected in Figure 3. Just after
[EP the viscosity decreases to values observed at higher pH.
This behavior is characteristic of the IEP and has been re-
ported for other protein systems (Ding Pacek, 2008; White
et al., 2008). In this vein, Figures 5(b) and (d) demonstrate
that creep measurements offer a reliable alternative for the
determination of 7,. However, t/J(t) vs. t plots for mucin
concentrations of 5% and 10% show no constant value
at long times for pH ~1.15, but a continuous increase to a
very large values. The tendency to high values of viscosity
is recognized as a distinctive feature of the gel state, that
was not detected in the steady shear rheometry at the le-
vels of shear studied (Figure 4). Creep experiments are in
fact a powerful technique to characterize biopolymer dis-
persions, even of very low concentrations where steady or
oscillatory shear rheometry is impractical.

The recovery after creep is a proper characteristic of the
elastic behavior (Figure 1). Figures 6(a) and (b) show that
for mucin concentrations of 5% and 10% respectively,

the corrected recovery compliance (J"(z || give nega-
tive values for all pH > 1.55. These results would indicate
that no elastic behavior was registered in the rheometer,
or the measured stress is much lower than the limit of de-
tection of the instrument. Thus, it can be assumed that for
those samples a pure viscous behavior was the rheological
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characteristic. Only positive values of recovery compliance
were detected for the lowest pH studied in this research
(pH~1.15), which is a clear indicative of the elastic cha-
racter in the sample. This result is in line with what it was
learned in Figure 5. Thus, it is concluded that, in an acidic
medium of pH~1.15, the RGM self-assemble forming struc-
tures that induce a viscoelastic behavior associated with
the formation of gels.
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Figure 6. Recovery measurements for mucin dispersions at different
pH, T ~25°C and mucin concentrations of 5% (a) and 10 % (b). Correc-
tions to the measured values according with Equation (3).

It is important to note in Figure 6, that the level of recovery
for the 5% mucin dispersion is higher than the recovery
for the concentration of 10%. This apparently unexpected
result, may obey to the combined viscous and elastic com-
ponents of the structures reflected in the rheological ex-
periments. Probably, the simplest mechanistic model that
qualitatively captures the viscoelastic response of polymers
is presented in Figure 7 (Joye, 1993).

This four-element model could reproduce the instanta-
neous elastic response corresponding to ], in creep by the
spring-1. As it was studied in Figure 5, no precise value of
J, was detected during creep for all the samples. In a gel,
this element would be associated to change of molecular
conformations during deformation as it may occur in poly-
mer networks. In gastric mucus, the formation of an elastic
network would depend on the minor components of the
mucus that are lost during the purification process of the
mucin, and that is why it is seen neither in this research nor
in previous reports.

Dashpot 1 corresponds to the irrecoverable viscous flow,
whose features appear in figures 5(b) and 5(d), where no
recovery is seen for 2.00 < pH < 7.67. The elastic effect
comes from the simultaneous response of dashpot-2 and
spring-2. As these two elements are in parallel, they work si-
multaneously and the elastic response is not instantaneous
but retarded. It was learned from Figure 4, that an increa-
se in viscosity is observed when the mucin concentration
increases. Thus, the higher viscosity of dashpot-2 for the
10% mucin dispersion produces a much higher retardation
effect on the elasticity than in the dispersion with 5% mu-
cin, which is reflected in Figure 6 as a lower recovery.

Spring |

Dashpot |

Dashpot 2 Spring 2

Figure 7. Four-element model.

Conclusions

Gastric mucin dispersions undergo conformational changes
as function of pH. At the lowest pH investigated (pH~1.15),
mucins self-assemble forming gel-like structures characteri-
zed by very high viscosities and the development of elasti-
city as it was evidenced by creep-recovery measurements.
The elasticity of these dispersions is defined by the simul-
taneous action of viscous and elastic forces. In the vicinity
of the IEP (pH~2.00 and pH~2.55), characteristic changes
in viscosity were detected by creep measurements. Con-
trary to previous reports, it was possible to determine the
existence of gel-like structures for dispersions with recons-
tituted gastric mucin. However, the changes in mucin ori-
ginated during the purification process produce dispersions
of very low viscosities whose structures are not feasible to
be characterized by steady shear rheometry. This research
demonstrated that time dependent rheological experiments
such as creep-recovery are a very efficient tool to characte-
rize rheological changes in the region of slow relaxations.
DLS also demonstrated the existence of larger mucin aggre-
gates as pH decreased.
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