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Purified gastric mucins are currently used for a wide range of applications e.g. as a model system for native

mucus, as lubricants or antiviral/antibacterial supplements. However, commercially available porcine gastric

mucins (PGM) do not exhibit gel-forming properties and show only greatly reduced anti-viral/anti-bacterial

activity. Thus, we established a robust purification process for PGM, maintaining its desired properties such

as lubricity, gel formation and the selective binding of molecules. We optimized the process in terms of yield

and productivity and evaluated the influence of different buffer conditions on mucin quality. Cross-flow

filtration using 100 kDa membranes was introduced and optimized to pre-concentrate the mucin

solution prior to size exclusion chromatography. A conductivity of less than 100 mS cm�1 after

diafiltration was found to be crucial for gel formation. The mucin yield of the optimized process was

66%. The scale-up resulted in a productivity of 0.15 mg purified mucin per mL crude mucus an hour. In

total, approx. 65 mg mucin could be purified from one pig stomach. Tribological studies, rheological

measurements and co-localization experiments confirmed the retained functionality of purified mucin in

terms of lubricity, gel formation and binding interactions with charged molecules, respectively.
1. Introduction

Mucins, highly glycosylated proteins, are found in the mucous
membranes of animals and humans. Mucus covers the inner
surface of the body such as in the abdomen, stomach, nose, eye
or female genital tract. In addition to mucins, native mucus
contains water (�95%), lipids, salts, growth factors and
enzymes1 and serves as a barrier towards pathogens such as
bacteria and viruses and thus protects the underlying tissue
from infection.2,3 This is partly due to its physical properties, as
mucin gelation is induced at acidic pH values by gel forming
mucins such as Muc5AC (mainly found in the stomach) and
Muc5B (present in the oral cavity). Moreover, the polyanionic
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43
nature of mucins at neutral pH4–6 can lead to electrostatic
interactions with cationic groups, as they are present on the
surface of many bacteria and viruses.

In monomeric form, mucin has a molecular weight of
about 640 kDa7 where the carbohydrates amount up to 80% of
the whole mass, whereas the protein backbone only contrib-
utes 20% of the weight.8 These mainly O-linked glycans such
as N-acetylgalactosamine, N-acetylglucosamine, fucose,
galactose and sialic acid (N-acetylneuraminic acid) are
attached to the hydroxyl side chains of threonine and serine.
Mucins are rich in cysteines, which form inter- and intra-
molecular disulde bonds resulting in oligomers and poly-
mers of up to 40 MDa.8–10 Once the disulde interactions are
chemically reduced, mucin gel formation is disturbed.10

Additionally, the pH and ionic strength determine the
conformation of native mucin.11 The mechanism of the gel
formation of mucins like Muc5AC has been investigated in
various studies but is not fully understood.5,11–15 It seems, in
addition to the disulde bonds, a complex interplay between
hydrophobic and electrostatic interactions is responsible for
the crosslinking of gel-forming mucins16 that is observed at
acidic pH.

Native mucin has shown promising properties regarding the
adsorption onto4 and lubrication of surfaces17–19 which could be
very interesting for biomedical applications. Moreover, by
investigating the bulk and surface properties of mucin layers
and gels, a better understanding of native mucus and its
This journal is © The Royal Society of Chemistry 2016
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permeability towards molecules,20,21 nanoparticles22 and path-
ogens2 can be achieved. Although porcine gastric mucins are
commercially available e.g. from Sigma Aldrich, most
commercial mucins do not form a hydrogel, are only partially
puried and are inferior in inhibiting virus infection compared
to natively puried mucins obtained in the lab.2 In cell culture
experiments2 even cell toxic effects were observed when
epithelial cells were treated with reconstituted solutions of
commercial mucin. Commercial mucins are oen further
puried with anion exchange chromatography, size exclusion
chromatography (SEC)21 or centrifugation and ltered through
a dead end lter to remove aggregates and undesired proteins.23

Nevertheless, in our hands, gel formation of commercially ob-
tained PGMs could not be reconstructed even aer further
purication (unpublished data). Also Kočevar-Nared and
coworkers16 found that commercial mucins cannot reproduce
the properties of native gastric mucus, which limits the
usefulness of commercial mucins e.g. for experiments
mimicking the barrier properties of native mucus towards
pathogens. The origin of the missing gel formation abilities of
commercial mucin is not completely understood, but the
purication process itself or fragmentation with proteases are
possible explanations.24

Several studies have been performed to purify enzymati-
cally digested or chemically reduced mucins using SEC or
CsCl density centrifugation.8,25–27 Also, the addition of
protease inhibitors and stabilizers is widely used in the
purication of mucins13,28,29 but can complicate the purica-
tion process. The purication of native mucin from pig
colonic mucosa has been published.26 However, so far most
purication attempts have been carried out with the aim to
further process the glycoproteins or to characterize the puri-
ed mucins. To our knowledge, optimizing the yield and
productivity of a mucin purication from pig stomachs has
not been addressed yet. Such an optimization of the puri-
cation process is, however, crucial to meet the growing
demand for functional PGM, be it for further academic
studies or for biomedical applications.

Therefore, our aim was to establish a robust downstream
process to purify native porcine gastric mucin while maintain-
ing its unique properties. We addressed the following aspects
that are crucial in downstream processing: (1) the requirement
for additives, temperature and buffering conditions during
purication, (2) volume reduction for increased product
concentration and less process streams, (3) functionality of the
protein, (4) improvement of the total yield and (5) higher
productivity. First, we established a reproducible protocol in
small scale before implementing the changes to an upscaled
system. We introduced and optimized cross-ow ltration as
a new process unit to achieve a reduction of the initial volume
and depletion of small molecules before size exclusion chro-
matography. To our knowledge, this process unit has so far not
been published as a concentration step of mucins, but has high
potential in enhancing the protein yield. Aer further puri-
cation by subsequent SEC and dialtration, functionality tests
of PGM solutions and gels were used to verify the success of our
optimized process.
This journal is © The Royal Society of Chemistry 2016
2. Experimental
2.1. Materials

Commercial porcine gastric mucins (PGM) type II and III were
obtained from Sigma Aldrich (St. Louis, United States), Schiff's
stain and periodic acid 1% were purchased from Carl Roth
(Karlsruhe, Germany), antibodies against Muc5AC
(ABIN966608) and horse radish peroxidase HRP conjugated
antibodies (ABIN237501) were obtained from antibodies-
online.de (Aachen, Germany). Filter cassettes with
a membrane area of 200 cm2 and MWCO of 100 kDa (Hydro-
sart®) and 300 kDa MWCO (polyethersulphone, PESU) were
obtained from Sartorius Stedim (Goettingen, Germany),
Xampler™ laboratory-scale hollow ber cartridge with a length
of 31.7 cm, an inner diameter of 0.1 mm and membrane area of
110 cm2 and 100 kDa MWCO (polysulfone) was from GE
Healthcare Life Sciences (Freiburg, Germany).
2.2. Methods

Sample collection. In general it must be noted, that the
mucus samples used for purication are of animal origin and
from different stomach batches. Therefore, different yields and
variations in the viscoelastic properties of the puried material
are likely to occur. However, we pooled the mucus of 20 to 60
stomachs per batch to minimize these variances. We do not
focus on variations between different batches, but discuss the
properties of our puried mucin in general. Absolute values are
to be taken with care and do not indicate signicant differences
in gel formation abilities of the puried mucins but are the
result of natural variances. Sample collection was based on the
protocol described by Libao-Mercado and coworkers.8 In detail,
fresh pig stomachs were obtained from a local slaughterhouse
and stored on ice. The stomachs were cut along their longitu-
dinal axis and the remaining food and debris was gently rinsed
with tap water. The mucosal surface of the stomach was
manually scraped with spoons and the mucus was collected in
a beaker placed on ice. A mean volume of 40 mL mucus was
obtained from one stomach. The mucus was diluted 1 to 5 in 10
mM phosphate buffer pH 7.0 with 170 mM NaCl containing
0.04% (w/v) NaN3. pH was adjusted to 7.4 and 5 mM benzami-
dine HCl (Carl Roth, Karlsruhe, Germany), 1 mM 2,40-dibro-
moacetophenone (Sigma Aldrich, St. Louis, United States), 1
mM phenylmethylsulfonyl-uoride (Carl Roth, Karlsruhe, Ger-
many) and 5 mM EDTA (Carl Roth, Karlsruhe, Germany) pH 7.4
were added and gently stirred over night at 4 �C.

Centrifugation. The solubilized mucus was centrifuged at
8300 � g (Sorvall Evolution RC, SLC-4000 rotor, Thermo Scien-
tic, Waltham, MA, USA) for 30 minutes at 4 �C. Aerwards, the
supernatant was again centrifuged at 15 000 � g for 45 minutes
at 4 �C. The supernatant was stored either at �20 �C, �80 �C or
in liquid nitrogen. For further processing, the supernatant was
thawed or used directly aer the centrifugation steps. An
ultracentrifugation step at 150 000 � g (Beckman LE-70
Optima, rotor 70-Ti, Beckman Coulter, Krefeld, Germany) for
1 h at 4 �C was conducted before ltration. For the upscaled
process, the centrifugation steps were identical.
RSC Adv., 2016, 6, 44932–44943 | 44933
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Concentration. Aer the processing of porcine mucus,
a concentration step (4–5 fold) was conducted at room
temperature using cross-ow ltration (SARTOFLOW® Slice 200
benchtop crossow system, Sartorius AG, Goettingen, Germany,
for hollow ber module: UFP – 100-E-3MA QuixStand GE
Healthcare, Freiburg, Germany). The MWCO was 100 or 300
kDa depending on the experiment with a membrane area of 200
cm2 or 110 cm2 for the hollow ber membrane. Constant
pressure mode was applied with DpTM between 0.5 and 1.5 bar
to achieve the optimized ltration mode with the lowest loss of
product. The washing of the membrane was performed in 50
mL of 10 mM phosphate buffer (pH 7.0, supplemented with 170
mM NaCl) for 5 min in circular ow and analyzed for protein
content. Samples of retentate, permeate and washing fraction
were taken for protein analysis. The washing fraction was added
to the retentate. For the upscaled process, a hollow ber
membrane with 100 kDa MWCO and a membrane area of 110
cm2 was used.

Parameter calculation during cross-ow ltration. The
ltration performances of various setups were examined using
mass transfer relations with the Reynolds (Re) number, the
Schmidt (Sc) number and Sherwood (Sh) number.30 In laminar
ow, the following relation holds:

Sh ¼ kdh

D
¼ dh

dBL
¼ 1:62

�
ReSc

dh

L

�1=3

(1)

with k being the mass-transfer coefficient (m s�1), D the diffu-
sion coefficient of the protein (m2 s�1), dh the hydrodynamic
diameter (m), and dBL the thickness of the boundary layer (m).
In turbulent ow, Sh is approximated with:

Sh ¼ 0.04Re3/4Sc1/3 (2)

Detailed information is provided in the ESI (Table S1†). Also,
the permeate ux and fouling resistances during concentration
were calculated as follows. Darcy's law (eqn (3)) describes the
ow rate of a uid phase through a porous medium:31

J ¼
_V

A
¼ DpTM

hpermRtot

(3)

with J being the ux (kg m�2 h�1); hperm the viscosity of the
permeate (Pa s); Rtot the total resistance of the membrane (m�1);
DpTM the transmembrane pressure (bar).

The fouling resistance Rfouling is determined by combining
eqn (3) and (4), with Rm being the membrane resistance of
water:32

Rtot ¼ Rm + Rfouling (4)

Size exclusion chromatography. Size exclusion chromatog-
raphy to receive fractions according to the molecular weight was
conducted using Äkta Explorer (GE Healthcare, Amersham
Biosciences, Freiburg, Germany). Sepharose 6 Fast Flow was
used as columnmaterial (GE Healthcare, UK) with a bed volume
of 176 mL and 1650 mL, respectively. 10 mM phosphate buffer
(pH 7.0, supplemented with 170 mM sodium chloride) was used
44934 | RSC Adv., 2016, 6, 44932–44943
as equilibration buffer and running buffer to elute the target
protein. Approx. 0.11 column volumes (CV) (20 mL and 180 mL,
of the concentrated mucus) were loaded onto the column. The
ow rate was 30 cm h�1. Absorbance at 280 nm and 215 nm
were recorded online. Fractions of either 5 or 11 mL were
collected (depending on the column size) and analyzed with
ELISA and periodic acid/Schiff's stain (PAS) assay. Glycoprotein
containing fractions were pooled and a sample was taken for
further analysis.

Dialtration. In the optimized ltration protocol, pooled
fractions were dialtrated against ddH2O with a 100 kDa
membrane of 200 cm2/110 cm2 for the hollow ber membrane
and 1 bar transmembrane pressure until a conductivity of <100
mS cm�1 was obtained. Washing was performed as described for
the concentration step. The protein solution was aliquoted,
a sample taken and lyophilized over night at �60 �C and 0.06
mbar (Alpha 1-2 LD, Christ, Osterode am Harz, Germany). For
the upscaled process, a hollow ber membrane with 100 kDa
MWCO and a membrane area of 110 cm2 was used. Where
applicable, the retentate was further concentrated until the
dead volume of the module was reached.
2.3. Analytical methods

Quantitative PAS-assay. Quantitative periodic acid/Schiff's
stain (PAS) assay was used for the detection of carbohydrates.
Based on Kilcoyne and coworkers,33 the analysis was conducted
in microtiter plates (Nunc® MicroWell™ F bottom Sigma
Aldrich, Crailsheim, Germany) for high throughput determi-
nation. In brief, 25 mL of sample was pipetted into a well and
incubated with 120 mL of 0.06% (v/v) periodic acid diluted in 7%
(v/v) acetic acid for 90 min at room temperature. 100 mL Schiff's
stain (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) was
added and incubated for another 60 min at room temperature
to allow complete staining of carbohydrates. Absorption was
measured at 550 nm aer 5 s of shaking (Innite M 200 PRO
Series, Soware: Magellan V 7.0, Tecan Deutschland GmbH,
Crailsheim, Germany). Self-puried mucin was used as stan-
dard in the range of 0.125 mg mL�1 to 1 mg mL�1.

ELISA. An indirect ELISA was performed to investigate the
gel forming Muc5AC containing samples. 100 mL samples were
pipetted into microtiter plates (Nunc® MicroWell™ F bottom
Sigma Aldrich, Crailsheim, Germany), incubated with a mono-
clonal anti-Muc5AC antibody (antibodies-online.de,
ABIN966608) and visualized by a secondary antibody labelled
with HRP (antibodies-online.de, ABIN237501). Between all
incubations, the wells were extensively washed with blocking
buffer (5% (w/v) milk powder in PBS with 0.1% (w/v) Tween 80).
The substrate o-phenylenediamine (oPD) (AppliChem GmbH,
Darmstadt, Germany) was added and the enzymatic reaction
was stopped with 1 M H2SO4 aer 6–8 min of incubation.
Absorption wasmeasured at 490 nm in a photometer (InniteM
200 PRO Series, Soware: Magellan V 7.0, Tecan Deutschland
GmbH, Crailsheim, Germany). Puried Muc5AC was used as
standard in the range of 1.25 mg mL�1 to 80 mg mL�1. 50 mM
carbonate buffer (pH 9.6) was used as blank and for the dilution
of samples and standard, respectively.
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra07424c


Fig. 1 Schematic illustration of the purification process of mucin from
porcine stomachs. The dashed lines indicate the volume reduction or
increase after each process step. After centrifugation II, the pellet,
accounting for 33% of the volume, was discarded. After ultracentri-
fugation, the pellet, consisting of 10% of the total volume, was
removed, before the supernatant was further concentrated with
cross-flow filtration (CFF). Size exclusion chromatography was per-
formed and finally salts were removed by CFF before the protein
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2.4. Characterization

Rheology. Rheological measurements were conducted with
either 2% (w/v) or 1% (w/v) puried mucin. The change in
viscoelasticity and the gelation behavior of reconstituted mucin
solutions were analyzed as a function of pH. Lyophilized mucin
was weighed and hydrated in 90% ddH2O and lled with 10% of
10� phosphate buffer (pH 2 or pH 6) 2 h prior to analysis.
Rheological evaluation of mucin solutions and gels was per-
formed on a stress-controlled shear rheometer (MCR 302, Anton
Paar, Graz, Austria) using a plate/plate measuring setup (PP25,
Anton Paar, Graz, Austria) and 125 mm plate separation. When
determining frequency dependent viscoelastic moduli, small
torques in the range of 0.5 mNm were applied to ensure linear
material response. 100 mL of samples were used for the analysis
for full loading of the gap between plate and measuring head.
The storage modulus G0 and loss modulus G00 were recorded
within frequencies of 0.1–10 Hz. The temperature during
measurements was set to 21 �C.

Tribology. The friction measurements were conducted with
a rotational tribology setup assembled on a shear rheometer
(MCR 302, Anton Paar). The rheometer was equipped with
a tribology unit (T-PTD 200, Anton Paar), and the measure-
ments were performed in a sphere-on-cylinder geometry as
described in Boettcher et. al., 2014.34 Steel spheres with
a diameter of 12.7 mm were purchased at Kugel Pompel
(Vienna, Austria). The cylinders were prepared by mixing
PDMS (SYLGARD 184, Dow Corning) in a 10 : 1 ratio with the
curing agent. Air bubbles were removed under vacuum and the
PDMS was cured at 80 �C for 1 h. For each measurement, fresh
cylinders were used that were cleaned with 80% (v/v) EtOH
before usage. 600 mL of a 0.1% (w/v) mucin solution dissolved
in 20 mMHEPES (pH 7.4) were added and the steel sphere was
rotated on the PDMS cylinders at a normal force of 6 N. The
friction behavior was evaluated by performing a speed ramp
from 1000 to 0.01 mm s�1. The measurements were conducted
at 21 �C, and three individual measurements with fresh PDMS
cylinders were performed for each condition.

Co-localization experiments. For determining the charge-
selective permeability of mucin gels, mucin was rehydrated
in ddH2O and incubated with 10 mg mL�1 lectin (uorescently
labeled with rhodamine, Sigma-Aldrich, St. Louis, USA) for 1
h during shaking at 4 �C. 0.1 mg mL�1 of either negatively
charged 150 kDa carboxymethyl (CM) dextrans or positively
charged diethylaminoethyl (DEAE) dextrans (both obtained
from Sigma-Aldrich, St. Louis, USA) uorescently labeled
with uorescein isothiocyanate (FITC) were added to the
mucin–lectin solution and incubated for another hour during
shaking at 4 �C. To induce gelation of the mucin solution,
10% 10� phosphate buffer (pH 2) was added and the solution
incubated for 1 h during shaking at 4 �C. The nal mucin
concentration was 1% (w/v). Fluorescence microscopy images
were obtained on an Axioskop 2 MAT mot microscope
(Zeiss, Oberkochen, Germany) equipped with a 20� objective
(Zeiss) using a digital camera (Orca-R2 C10600, Hamamatsu,
Japan) and the image acquisition soware HCImageLive
(Hamamatsu).
This journal is © The Royal Society of Chemistry 2016
3. Results & discussion

A schematic overview of the optimized process is shown in
Fig. 1. Dashed lines qualitatively indicate the mucin concen-
tration and dilution during downstream steps. Aer harvesting
the mucus from pig stomachs by manual scraping, the mucus
was homogenized in buffer in the ratio 1 : 5, and cells, cell
debris and nally lipids were removed in centrifugation steps.
Aer the centrifugation steps, the pellets accounting for 33%
and 10% of the total volume, were discarded, and we assumed
that no mucin was lost within these steps. Next, a concentration
step using cross-ow ultraltration was introduced. To our
knowledge, this novel process step has not yet been published
regarding mucin purication. It not only led to depletion of
smaller proteins but also entailed an important volume reduc-
tion and concentration of the target protein. An increase in
productivity was expected because a highly concentrated
protein solution was further processed and thereby more
protein was loaded onto the SEC while keeping the volume
constant. Process parameters such as membrane pore size and
solution was lyophilized.

RSC Adv., 2016, 6, 44932–44943 | 44935
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membrane system were investigated during cross-ow ltration
and the yields of mucin compared. The following step, size
exclusion chromatography, has already been used for the
purication of mucins from animal or human sources.26,27,35

Because of the high molecular weight of mucin in its native
form, SEC is suitable for the separation of glycoproteins, and
the fractions can be analyzed to detect carbohydrates and
mucins. Thereaer, removal of salts (and further concentration
in the upscaled process) was conducted by the same cross-ow
ultraltration system, and the target protein was lyophilized.
Samples were taken aer each step of the purication process
and analyzed both for glycoprotein content in general and
Muc5AC content in particular. We did not determine the exact
purity of the puried mucin with conventional protein assays
such as UV absorption, BCA or Bradford reagent since – due to
the high glycosylation density of mucin – the mucin concen-
tration would be underestimated and thereby falsied results
would be obtained when referring to a standard curve of
a model protein such as BSA.
3.1. Inuence of buffer composition and storage
temperature

As a rst step for optimizing the purication process and
improving the yield of functional mucin, the inuence of buffer
additives such as salts and protease inhibitors as well as the
inuence of different storage temperatures on mucin quality
were evaluated.

Inuence of buffer. In former studies native mucins were
mostly puried using 200 mM NaCl either as a hydration
solution or running solvent during gel ltration.6,8,26,36 However,
the use of a buffered system for protein solubilization and gel
ltration has only been described few times25,36,37 where either
a Tris–HCl buffer, or a sodium phosphate buffer was used for
chromatography. For a robust downstream process buffered
systems are especially important for biological systems to retain
a reproducible process performance. Due to its pH-induced
gelation behavior, the viscosity of mucin solutions is highly
sensitive to pH, thus (partial) pH-induced mucin gelation
during the purication process may lead to difficulties during
chromatography by blocking the columnmaterial. We therefore
chose a 10 mM sodium phosphate buffer at pH 7.0 for mucin
dilution and chromatography to avoid mucin gelation. We
added 170 mM NaCl to this buffer to mimic the total ionic
strength used in former purications. The functionality of
mucin puried with this 10 mM sodium phosphate buffer (pH
7.0 supplemented with 170 mM NaCl) was determined with
rheological measurements. No differences in the pH-induced
gelation behavior of the mucin solutions were observed
compared to mucin puried in 200 mM NaCl (ESI Fig. S2a†).
Additionally, blocking of the column did not occur and strip-
ping of the column could be set to a minimum. Hence, all
further purication steps were conducted in a buffered system
at pH 7.0.

Protease inhibitors. Next, process optimization was con-
ducted by testing the necessity of additives like protease
inhibitors and stabilizing agents. In small biochemical
44936 | RSC Adv., 2016, 6, 44932–44943
preparations of proteins from animal tissue, protease inhibitors
such as benzamidine HCl and phenylmethylsulfonyluoride are
traditionally added at the beginning of the purication to
protect the proteins from enzymatic cleavage by trypsin or
serine proteases.8,10 However, the use of additives should – if
possible – be avoided: on the one hand, such protease inhibitors
are typically toxic and, on the other hand, they constitute
further contaminants that need to be removed again in later
steps of the purication process. Glycoproteins are in general
known for their resistance against proteolytic activity.38–40 Also
mucins are relatively insensitive to proteolytic digestion, which
is due to their high density of carbohydrate side chains.12

However, the highly glycosylated regions of mucin are inter-
sected by non-glycosylated sequences that are protease-sensi-
tive.10 In our experiments we could not observe enzymatic
proteolysis of PGM at pH 7. This might be explained by the fact
that pepsin, the most abundant protease in the stomach, is
inactive at neutral pH.41 Thus, we tested a purication protocol
at pH 7 and compared mucin functionality aer purication in
either the presence or the absence of a mix of sodium azide,
benzamidine HCl, phenylmethylsulfonyluoride, 2,40-dibro-
moacetophenone, DMSO and EDTA, respectively. Again, we
tested the gel-forming ability of the puried mucin and found
that the absence of the above named components did not have
any inuence on mucin gel formation (ESI Fig. S2b†). This
nding allowed us to omit those additives.

Storage temperature. The inuence of the freezing and
storage temperature of crudemucus (aer centrifugation steps I
and II) and puried mucin was evaluated by testing the gelation
behavior of the corresponding solutions of reconstituted
mucins. As freezing conditions for crude mucus and partially
puried mucin, we compared snap freezing in liquid nitrogen,
freezing in a �80 �C freezer and freezing in a �20 �C freezer.
Our ndings indicated that freezing of mucus samples at �80
�C was sufficient and no shock-freezing in liquid nitrogen was
necessary. Furthermore, we found that, once lyophilized, the
puried mucin is still able to form gels in the range of several
pascal, even aer long-term storage at room temperature (ESI
Fig. S4†).
3.2. Process optimization of mucin purication

In general, the purication of proteins includes several steps
until the desired purity is reached. In addition to obtaining
a pure product, maintaining functionality of the molecule is
a key goal. With every step, target protein is lost. Thus, the
purication is usually a cost-intensive process making a high
recovery of proteins and productivity essential. Early volume
reduction is one step to increase the efficiency of the process.
Thus, we rst introduced cross-ow ltration as an essential
measure during the purication process of mucins to achieve
a concentration of mucin and, at the same time, depletion of
undesired smaller proteins. Using the cross-ow conguration,
the protein solution circulates tangentially to the membrane. By
applying pressure, the solution permeates through the pores.
With this process, less cake formation is observed on the
membrane compared to dead-end ltration.42 In the following,
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Recovery of Muc5AC and total glycoprotein measured in the
retentate (ret.) and permeate (perm.) after 4.9 fold volume concen-
tration with 100 kDa (Hydrosart®) and 300 kDa (PESU) membrane
cassettes and 100 kDa hollow fiber membrane (PSU) at DpTM ¼ 1 bar.
Protein recovered from the washing steps was included in the reten-
tate values. Glycoprotein concentration was determined with quanti-
tative PAS assay, Muc5AC concentration was determined with ELISA.
Error bars represent the �s.d. of analytical triplicates.
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the optimization of this cross-ow ltration is discussed in
detail and subsequent size exclusion chromatography is
presented.

Cross-ow ltration. For the concentration of centrifuged,
partially puried mucin we examined two different systems, i.e.
membrane cassettes and a hollow ber membrane. Also, we
varied membrane pore sizes and evaluated the permeate ux
and fouling resistances as well as the recovery of the target
protein. DpTM was varied between 0.5 and 1.5 bar, and we found
that a DpTM of 1 bar resulted in the highest recovery of mucin in
the retentate (ESI Fig. S5†). Thus, all following results were
obtained using a DpTM of 1 bar. Two membrane cassettes (100
kDa Hydrosart®, 300 kDa PESU) and one hollow ber
membrane (100 kDa polysulfone) were compared with respect
to ux and fouling resistance calculated according to eqn (3)
and (4) (see Experimental). The volume concentration factor
(VCF) was kept constant at 4.9 for all ltrations.

As presented in Fig. 2, the ux through the hollow ber
system decreased only weakly with time and reached a nearly
constant value of 60 kg m�2 h�1 aer 9 min. In contrast the ux
through the membrane cassettes decreased much more
strongly and reached nal values of only 40 kgm�2 h�1 (300 kDa
membrane) and 35 kg m�2 h�1 (100 kDa membrane) respec-
tively, aer the same time. For both membrane systems, the
fouling resistance reached 4 � 1012 m�1 aer 9 min, and there
seemed to be a tendency towards even higher values.
Conversely, the hollow ber system reached a nearly constant
fouling resistance just below 4 � 1012 m�1.

The three membrane systems were also characterized in
terms of their capability to retain glycoproteins in general and
our target protein Muc5AC in particular. Fig. 3 displays the
recovery of glycoproteins and Muc5AC in the retentate and
permeate, respectively, aer 4.9 fold volume concentration. The
amount of protein collected in the washing steps of the
membrane was included in the retentate.
Fig. 2 Permeate flux (dashed lines) and fouling resistance (solid lines)
determined for a 100 kDa hollow fiber system and membrane
cassettes (100 kDa and 300 kDa, respectively) at DpTM ¼ 1 bar. In each
setup, 200 mL of mucin solution (containing 0.27 mg mL�1 Muc5AC)
as obtained after the centrifugation steps were used for concentration.
In all three systems, mucin concentration was performed until
a volume concentration factor of 4.9 was reached.

This journal is © The Royal Society of Chemistry 2016
For the 100 kDa membrane cassette, 78% of the glycopro-
teins were retrieved in the retentate, whereas 19% glycoproteins
were found in the permeate. The Muc5AC content in the
retentate was 73%, the permeate was free of Muc5AC. Similar
results were obtained with the hollow ber module: with this
cross-ow system, the recovery of glycoproteins in the retentate
and permeate was 85% and 22% respectively. 81% of Muc5AC
were retrieved in the retentate, and only 2% in the permeate. For
the 300 kDa membrane, the glycoprotein content in the
permeate was twice as high as for the 100 kDa membrane
cassette, and 5% of Muc5AC was found in the permeate.

Glycoproteins as well as glycosylated peptides smaller than
the nominal MWCO can pass the membranes. Typically, it is
suggested to use a pore size three to six times smaller than the
molecular weight of the target protein for successful retention.
As Muc5AC has a monomer size of approximately 640 kDa,7 the
MWCO of 300 kDa may not be ideal. Indeed, the highest mucin
concentration was detected in the permeate of this cross-ow
variant. Both 100 kDa membranes showed a better retention
of the target protein Muc5AC in contrast to the 300 kDa
membrane as is shown in Fig. 3.

Despite the MWCO, the differences in ltration- and reten-
tion behavior might also be explained by the different geome-
tries of the ltration setups. For the ultraltration systems used
here, diffusion dominates over hydrodynamic effects.30 Filtra-
tion through a membrane creates a concentration polarization
of the protein solution towards the surface which can, in
laminar ow conditions, lead to irreversible gel layer formation.
To decide which ow conditions apply in our three setups, we
estimated the ow within the different modules by calculating
the Reynolds number (ESI Table S1†). For these calculations, we
approximated the mucin solution with the viscosity and density
of water (0.89 mPa s and 1000 kg m�3, respectively) and
RSC Adv., 2016, 6, 44932–44943 | 44937
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Fig. 4 Size exclusion chromatogram of concentrated mucus at 280
nm. Flowrate: 30 cm h�1, column volume: 176 mL, column diameter:
16 mm, running buffer: 10 mM phosphate buffer with 170 mM NaCl,
pH 7. The grey area indicates the fractions that were pooled after
screening for glycoproteins with PAS assay.
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assumed a mean diffusion coefficient for mucins of 4 � 10�8

cm2 s�1.43 For all congurations, the boundary layer was
calculated using the Sherwood and Schmidt number (see
Experimental). The calculated boundary layer thickness was
0.01 mm for the hollow ber system and 19 to 20 mm for the
membrane cassettes (Table S1†). For the hollow ber, the
calculated Reynolds number suggested a turbulent ow
through the ltration area (Re > 4 � 104). Shear forces created
by the turbulent ow drag the molecules away from the
concentration polarization zone and membrane surface,
creating a thinner and mostly reversible boundary layer. A
steady state of ux and fouling resistance is reached aer
a certain time. In contrast, the ow through both membrane
cassettes was laminar (Re < 104). Because laminar ow
promotes the deposition of molecules on themembrane surface
and thereby leads to a continuous decrease in ux and increase
in fouling resistance, as was indeed observed for both
membrane cassettes (Fig. 2), we concluded that an irreversible
gel layer must have formed on the membranes. The layers built
on the membrane cassettes might also explain a loss of product
of up to 28%. For the hollow ber the loss of protein was lower
at 17%.

In addition, a difference in the adsorption behavior of mucin
on the different membranematerials may have to be considered
when it comes to protein loss. Mucins adsorb especially well on
hydrophobic surfaces.4,44,45 However, regenerated cellulose as
well as polyethersulfone are both hydrophilic materials and are
supposed to exhibit only minimal protein binding (as claimed
by the manufacturer Sartorius). Together with our observations
above and the fact that the hollow ber system reached a ux
twice as high as the membrane cassettes although having
a surface area of nearly half the membrane area of the
membrane cassettes, we concluded that a hollow ber system is
advantageous, especially for upscaling of the process: our
hollow ber module can handle larger sample volumes at
a constant ux and therefore was chosen as the cross-ow
system in the up-scaled process we describe later. However,
on a smaller scale, the membrane cassettes may be preferable
since the minimal volume needed for the cassette system is at
20 mL signicantly smaller than the approx. 80 mL that are
required for running the hollow ber system. For better
comparability and because no target protein was lost in the
permeate, the small purication process was conducted with
the 100 kDa membrane cassette. The optimized parameters of
DpTM ¼ 1 bar and a pore size of 100 kDa were also transferred to
the dialtration step aer chromatography. The results are
discussed in the summary of the purication process.

Size exclusion chromatography. Aer the concentration of
mucus by cross-ow ltration, 20 mL (0.11 CV) of concentrated
mucus (0.42 mg mL�1 Muc5AC) were injected onto a Sepharose
6 Fast Flow column. The obtained chromatogram showed two
major peaks at a wavelength of 280 nm (Fig. 4). The rst peak
eluted aer 52 mL (0.29 CV), whereas the major peak, con-
taining proteins of smaller sizes appeared between 100 and 250
mL (0.57–1.4 CV). Fractions were analyzed for glycoproteins by
qualitative PAS assay. Glycoproteins were mostly found in the
rst peak. Since the purity of mucin was of high importance to
44938 | RSC Adv., 2016, 6, 44932–44943
obtain a gelation behavior at acidic pH, the fractions that
overlapped with the major peak containing contaminating
proteins were omitted. The fractions (gray in Fig. 4) were nally
pooled, analyzed for protein content and prepared for dial-
tration. The Muc5AC concentration obtained was 0.38 mg
mL�1. Muc5AC was completely recovered (see also Table 1),
whereas the recovery of general glycoprotein in the pooled
fractions was only 83% (ESI Table S3†). This indicated that the
SEC step was successful in further decreasing the content of
non-mucin glycoproteins.

Dialtration. For the dialtration step, the optimized
parameters of the concentration step (DpTM ¼ 1 bar and a pore
size of 100 kDa) were used again. Since the process volume aer
SEC was small compared to the cassette volume, no further
volume reduction of the target solution was possible. We per-
formed dialtration until the conductivity of themucin solution
was less than 100 mS cm�1 in the retentate. The reason for this
choice was twofold: rst, low ionic strength was required to
successfully induce gelation of a 1% (w/v) solution of puried
mucin at pH 2.15 Second, the dialtrated mucin solution was, in
a last step, lyophilized to receive a stable product that could be
stored at room temperature. A low concentration of remaining
ions in the lyophilized mucin allowed for reconstituting mucin
solutions with arbitrary buffer conditions, i.e. both at high and
low ionic strength.

Yield and productivity of the purication process.Maximum
Muc5AC yields of 66% were achieved with the illustrated
process referring to the concentration aer centrifugation (see
Fig. 1). The yields per purication step are summarized in Table
1. As already mentioned, purity was not determined quantita-
tively due to the possible underestimation of glycoproteins.
Instead, SDS-PAGE (Fig. S3b†) showed that our puried mucin
did not contain visible amounts of contaminating proteins with
molecular weights smaller than 212 kDa. However, no state-
ment can be made about the presence of other high molecular
weight proteins such as similar glycoproteins. A 4.9 fold volume
This journal is © The Royal Society of Chemistry 2016
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Table 1 Summary and yield of the overall Muc5AC purification process following the optimized protocol (i.e.mucus concentration with the 100
kDa membrane cassette system, Sepharose 6 Fast Flow size exclusion chromatography (CV ¼ 176 mL), 100 kDa diafiltration). Mucin yield,
concentrations, process volumes and mass before and after each purification step, volume concentration factor VCF and concentration factor
CF are given for each step. Determination of Muc5AC concentration was conducted with ELISA. Results shown represent the mean � s.d. of
analytical triplicates

Downstream process step Yield, % cbefore, mg mL�1 caer, mg mL�1 Vbefore, L Vaer, L mbefore, mg maer, mg VCF CF

Concentration 73 � 7 0.27 � 0.02 0.42 � 0.01 0.196 0.09 52.4 � 3.4 38.1 � 0.2 4.9b 3.5b

Chromatography 113 � 6 0.42 � 0.01 0.38 � 0.03 0.02 0.025 8.5 � 0.1 9.5 � 0.6 — —
Dialtration 80 � 7 0.38 � 0.03 0.18 � 0.01 0.025 0.042 9.5 � 0.6 7.6 � 0.3 — —
Lyophilization — 0.042 13.1a — —
Total 66% 13.1a

a Weighed aer lyophilization; puried mucin aer purication of 20 mL concentrated mucus. b Before washing of membrane.
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concentration with cross-ow ltration resulted in 40 mL
retentate. The washing volume of 50 mL was also analyzed for
Muc5AC content and pooled with the retentate, nally yielding
a 90 mL retentate solution. A yield of 73% with the optimized
concentration protocol was achieved. 20 mL (according to 0.11
CV) of 90 mL retentate were loaded onto our gel ltration
system. The purication using size exclusion chromatography
resulted in a complete recovery of Muc5AC. In dialtration,
a yield of 80% was achieved. Due to different analysis methods
there was a discrepancy in the calculated amount of Muc5AC
aer dialtration (7.6 � 0.3 mg) and the weight obtained aer
lyophilization (13.1 mg). The increase by 5.5 mg might be
explained by the presence of other high molecular weight
mucins such as Muc6 present in porcine stomach mucus46,47 or
residual DNA indicating that the purity of Muc5AC was around
60%. For yield and productivity calculations and further
experiments the lyophilized mucin was used. In total, 13.1 mg
mucin from 20 mL concentrated mucus before chromatography
was puried. Assuming that no mucin was lost during the rst
process units until concentration the overall recovery was 1.0
mg mucin per mL crude mucus aer stomach scraping. The
productivity was 0.08 mg mLcrude mucus

�1 h�1 referring to the
process time from the concentration of mucus, over SEC to
dialtration, not accounting lyophilization.

Scale-up of mucin purication. As mentioned earlier, the
amount of scraped mucus andmucin concentration differed for
Table 2 Summary and yield of the overall upscaled Muc5AC purificatio
with the 100 kDa hollow fiber system, Sepharose 6 Fast Flow size exclusio
Mucin yield, concentrations, process volumes and mass before and
concentration factor CF are given for each step. Determination of Muc5
the mean � s.d. of analytical triplicates

Downstream
process step Yield, % cbefore, mg mL�1 caer, mg mL�1

Concentration 36 � 32 2.34 � 0.45 3.34 � 0.86
Chromatography 109 � 27 3.34 � 0.86 2.18 � 0.22
Dialtration 85 � 23 2.18 � 0.22 3.71 � 0.79
Lyophilization 0.32
Total 33%

a Weighed aer lyophilization; puried mucin aer purication of 180 m
purications.

This journal is © The Royal Society of Chemistry 2016
each stomach. Although 20 to 60 stomachs were pooled before
purication experiments, variances in initial mucin concentra-
tions and scraping procedure were observed between the
batches and might account for the 8.7 fold higher Muc5AC
initial concentration of 2.34 mg mL�1.

To satisfy the demand of puried native mucin a scale-up to
the 10 fold column volume of size exclusion chromatography was
aimed for. Optimized parameters were transferred to the large
scale and the scale-up was analytically analyzed in terms of
concentration and concentration factors, yield and productivity.
Its results are summarized in Table 2. A total Muc5AC yield of
33% was achieved. During concentration with the hollow ber
membrane the volume was reduced by a factor of 4. Due to the
high initial ltration volume, the washing volume has less impact
compared to the small scale. The Muc5AC concentration was
increased from 2.34 to 3.34 mg mL�1 resulting in a yield of 36%.
During SEC, again a total recovery of the target protein was ob-
tained, while diluting the protein by a factor of 0.6. During
subsequent dialtration with the 100 kDa hollow bermembrane
salts were removed and the sample further concentrated by
a factor of two in terms of volume and a factor of 1.7 with regard to
Muc5AC. 85% were yielded in the dialtration step.

In total, 482 mg mucin was puried from 180 mL concen-
trated mucus before SEC, accounting for 236 mL crude scraped
mucus. The upscaled purication process was reproduced four
times with a mean mucin amount of 382 mg, resulting in 1.63
n process following the optimized protocol (i.e. mucus concentration
n chromatography (CV ¼ 1650 mL), 100 kDa hollow fiber diafiltration).
after each purification step, volume concentration factor VCF and
AC concentration was conducted with ELISA. Results shown represent

Vbefore, L Vaer, L mbefore, mg maer, mg VCF CF

0.72 0.18 1685 � 324 601 � 154 4.0 3.2b

0.18 0.3 601 � 154 655 � 66 — —
0.3 0.15 655 � 66 556 � 118 — —

482a — —
382c

L concentrated mucus. b Before washing of membrane. c Mean of n ¼ 5

RSC Adv., 2016, 6, 44932–44943 | 44939
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mg of puried mucin per mL crude mucus. We were able to
purify 65 mg mucin per stomach with 40 mL mucus in one
stomach (mean of 60 stomachs). During one purication
process the content of up to six stomachs could be processed
and their containing mucin puried. The productivity of the
optimized upscaled process was 0.15 mg mLcrude mucus

�1 h�1.
The yields are in accordance to the yields achieved in the

small scale and only differ in the concentration step (36 � 32%
compared to 73 � 7% in the small scale). The initial concen-
tration of the target protein was 2.34 mg mL�1 and thus by
factor 8.7 higher than the initial concentration of the small
scale process (0.27 mg mL�1). These differences are most likely
based on different batches, where mucin concentrations in the
stomachs are not predictable. The tangential ow ltration of
a highly concentrated solution, containing not only proteins but
also rests of DNA, phospholipids and solutes causes a high
concentration on the membrane surface, possibly triggering the
buildup of a gel layer.48,49 Even aer the washing of the
membrane and collection of the washing solution, the recovery
of Muc5AC did not increase. In our previous studies performed
with initially 0.2–0.3 mg mL�1 concentrated mucin solutions,
no such loss of Muc5AC occurred (see also Fig. 2). The Muc5AC
concentrations during the concentration and dialtration step
are nearly the same at 2.34 and 2.18 mg mL�1, respectively.
However, in the concentration process many contaminating
proteins were present while in the protein solution to be dia-
ltered an already puried solution was applied. Thus, fewer
solutes accumulate on the membrane interface leading to
a lower decrease in ux and higher recovery.50 Additionally, the
standard deviation of 32% might be the result of varieties in
ELISA signal. It has been stated that high concentrations of
contaminating proteins or lipids might lead to cross reactivity
with the target protein.51 This phenomenon is apparent with the
high amount of contaminations from crude mucus like phos-
pholipids and (glyco-) proteins and variances in biological
material in general. Considering that the dialtration step
which was performed under the same conditions as the
concentration step resulted in a yield of 85%, underestimation
of the Muc5AC concentration in the rst ltration step is
probable due to shielding of the antibody binding region. We
observed that ELISA provided the most reliable results aer the
concentration step of mucus.

Although the time needed for ltration increased with the
processed volume and the recovery of the concentration
process was lower in the upscaled process, productivity was 2
fold compared to the small scale process due to the high load
onto the size exclusion chromatography, being 0.15 mg
mLcrude mucus

�1 h�1.
Fig. 5 Comparison of the storage modulus G0 and loss modulus G00 of
1% (w/v) mucin solution at acidic (pH 2) and nearly neutral (pH 6)
conditions. Solutions of manually purified and commercial PGMs are
compared. Only the manually purified mucin solutions show pH-
induced gelation. Error bars represent the � s.d. of analytical
triplicates.
3.3. Quality control of puried mucin

As described above, the optimized and upscaled process of PGM
purication resulted in a considerable improvement of the
overall mucin amount as well as in a 2 fold increase in
productivity (i.e. puried mucin per mL crude mucus and time).
The quality of the puried mucin obtained from the optimized
process was assessed by testing if its unique properties were
44940 | RSC Adv., 2016, 6, 44932–44943
preserved. Only then would the puried mucin be suitable for
academic or biomedical applications. We rst analyzed the gel-
forming abilities of mucin at pH 2 and then investigated the
lubricity of mucin solutions. As a high density of sugar mole-
cules is required for the superior lubricity of mucin solu-
tions,4,18,19 such friction force measurement can indirectly
demonstrate the intactness of mucin glycosylation. Addition-
ally, we probed the selective binding properties of mucins with
co-localization experiments.2

Gelation of mucin solutions. For verifying the gel-forming
abilities of puried mucin, rheological measurements were
conducted. Fig. 5 depicts the frequency-dependent viscoelastic
moduli G0 and G00 as determined at a shear frequency of 1 Hz for
1% (w/v) mucin solutions at pH 2 and 6. At acidic conditions,
the puried mucin formed a clear gel with a shear stiffness in
the range of �101 Pa whereas at pH 6 the viscous properties of
the mucin solution dominated. This observation was the ex-
pected behavior for solutions of functional porcine gastric
mucin5,11,13–15 and showed that this important mucin property
was preserved aer process optimization and upscaling. In
contrast, solutions reconstituted from commercial porcine
gastric mucin (Sigma Aldrich type II and III) lacked the ability to
form a gel at acidic pH. This suggested that the mucin was
somehow damaged during the commercial purication process,
potentially by breaking the molecule into subunits or affecting
important chemical moieties of the glycoprotein due to harsh
conditions during the purication procedure.16,24

Lubricity of mucin solutions. Solutions of porcine gastric
mucins are excellent lubricants, especially in the boundary
lubrication and mixed lubrication regime.4,18,19 Friction values
measured in a steel/PDMS tribology pairing at low sliding
speeds can be as low as 0.01.19 These low friction values were
suggested to originate from hydration lubrication: mucins
adsorb very well on hydrophobic surfaces such as PDMS and
form thin surface layers.4 In these mucin layers, the oligosac-
charide side-chains on the mucin backbone bind water. During
the application of shear forces, energy is dissipated by moving
the water molecules in this mucin layer, and this leads
This journal is © The Royal Society of Chemistry 2016
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to strongly reduced friction. In a tribological setup (see
Experimental), we compared the friction between PDMS and
steel when lubricated with 0.1% (w/v) mucin solutions and
compared this scenario to lubrication with 20 mM HEPES
buffer (pH 7). As displayed in Fig. 6, mucin solutions obtained
from the optimized and upscaled purication process do
indeed reach very low friction values around 0.01 and showed
a good lubricity. In contrast, the commercial PGMs type II and
III from Sigma Aldrich were poor lubricants, especially in the
boundary lubrication regime, where their lubricity was virtually
indistinguishable from buffer without mucin. We speculated
that, for the commercial mucins, either the formation of
a mucin surface layer is disturbed or mucin hydration is low.19
Fig. 6 Lubrication of a PDMS/steel setup with 20 mM HEPES buffer
(pH 7) or 0.1% mucin solutions (self-purified PGM or commercial PGM
type II and III, dissolved in 20mMHEPES, pH 7). The friction coefficient
was determined over a broad range of sliding speeds. Error bars
represent the s.d. obtained from analytical triplicates.

Fig. 7 Selective permeability of mucin gels reconstituted at pH 2: fluor
FITC-labeled 150 kDa charged dextran molecules. The rhodamine cha
distribution of dextran molecules. The two channels are merged into one
cationic dextrans and mucin.

This journal is © The Royal Society of Chemistry 2016
Selective permeability of mucin gels. In the body of
mammalians, mucin gels constitute a barrier towards patho-
gens and bacteria.2,3 Previous studies showed that PGM convey
selective permeability to mucin gels: depending on their surface
charge, particles and molecules show different mobility in
mucus and reconstituted mucin gels. Mucin glycoproteins carry
several negative charges, especially through sialic acid or sulfate
groups.11 As a consequence, mucins have been described to
bind cationic molecules with much higher efficiency than
anionic molecules.20,52 Therefore, we compared the behavior of
two different uorescently labelled dextran variants in mucin
gels: anionic carboxymethyl dextran (CM-dextran) and cationic
diethylaminoethyl dextrans (DEAE-dextran) in mucin gels at pH
2. Fig. 7 depicts the outcome of a co-localization experiment.
Whereas anionic dextrans homogeneously distributed in the
mucin gel, the cationic dextrans colocalized with the mucins.
This veried that gels reconstituted from puried mucin exhibit
selective permeability. Since the commercial PGMs do not form
gels at acidic pH, the selective binding properties of these
mucins could not be assessed here.
4. Conclusions

Mucins from porcine stomachs intended for lubrication studies
or virus–mucin interaction studies19,53 have recently gained
much attention. However, most commercially available PGMs
lack crucial properties, in particular the ability to form gels at
acidic pH and possessing sufficient lubricity. We have described
a successful purication process for native mucin from pig
stomachs that satises the demands of functional PGM for
biomedical applications. Furthermore, we evaluated and
improved important aspects of protein purication including
buffer composition, volume reduction, efficiency, yield and
functionality of the puried mucin. We were able to purify 65
escence microscopy images of rhodamine labeled mucin mixed with
nnel depicts the spatial distribution of mucin, the FITC channel the
picture, displayed in the overlay image and show the co-localization of

RSC Adv., 2016, 6, 44932–44943 | 44941
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mg mucin per pig stomach at a productivity of 0.15 mg mucin
per mL crude mucus and hour. The process was successfully
upscaled with the puried mucin retaining the desired key
properties of gel formation at acidic pH, lubricity and preser-
vation of binding interactions with charged molecules.

The purication method discussed here can be applied to
a wide range of diverse high molecular weight glycoproteins
including mucins obtained from various sources such as those
from human saliva. Because synthetic mucins with the identical
properties of PGM are not available yet, efficient purication of
endogenous mucins remains the only viable strategy for large-
scale production of these glycoproteins. In future studies, we
intend to introduce alternative capture steps such as liquid–
liquid extraction to further optimize productivity to meet the
increasing demand for these glycoproteins in research and
biomedical applications.

Abbreviations
BSA
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Bovine serum albumin

CF
 Concentration factor

CV
 Column volume

FITC
 Fluorescein isothiocyanate

GI
 Gastrointestinal tract

Muc5AC
 Mucin 5AC

MWCO
 Molecular weight cut off

PDMS
 Polydimethylsiloxane

PGM
 Porcine gastric mucin

s.d.
 Standard deviation

SEC
 Size exclusion chromatography

VCF
 Volume concentration factor
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