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ABSTRACT

ARTICLE HISTORY

Silk sericin is a globular protein whose resistance against fouling is important for applications in
biomaterials and water-purification membranes. Here it is shown how sericin generates a waterexclusion zone that may facilitate antifouling behavior. Negatively charged microspheres were
used to mimic the surface charge and hydrophobic domains in bacteria. Immersed in water,
regenerated silk sericin formed a 100-mm-sized exclusion zone (for micron-size foulants), along
with a proton gradient with a decrease of >2 pH-units. Thus, when in contact with sericin, water
molecules near the surface restructure to form a physical exclusionary barrier that might prevent
biofouling. The decreased pH turns the aqueous medium unviable for neutrophilic bacteria.
Therefore, resistance to biofouling seems explainable, among other factors, on the basis of
water-exclusionary phenomena. Furthermore, sericin may play a role in triggering the fibroin
assembly process by lowering the pH to the required value.
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Introduction
Resistance against biofilm formation and biofouling is
of great importance for many applications, including
biomaterials and water purification. Nevertheless, a
deep understanding of the mechanisms responsible
for antifouling is still lacking (Chen and Qian 2017),
placing limits on proper device design. On the other
hand, green technologies may take advantage of biowastes such as those from the textile industry, in
particular from silk. Silk is a natural protein fiber produced by organisms such as larvae, insects, and spiders, typically used for building cocoons and webs
(Brunetta and Craig 2010). Silk cocoons from Bombyx
mori are composed of two filaments made of fibroin
proteins covered by sericin (Padamwar and Pawar
2004). Sericin, a gummy substance made of a glycoprotein, is commonly present in a diversity of silks
such as Mulberry (B. mori), Muga, Tasar and Eri
(Teli and Rane 2011). Silk filaments consist of
70–80% fibroin and 19–28% sericin, as well as 1–2%
of other matter including ash (Takasu et al. 2002;
Mondal et al. 2007). Fibroin and sericin have a similar amino acid composition, but in different proportion (Wang and Zhang 2015). Sericin is mostly
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composed of amino acids such as serine and aspartic
acid (Rangi 2015), which confer a high degree of
hydrophilicity (Rajasekaran et al. 2011) compared to
fibroin (Kaur et al. 2014), allowing this proteinaceous
substance to take up and release moisture easily
(Zhang 2002). Sericin has shown varied properties
such as resistance to oxidation (Takechi et al. 2014),
UVB protection (Zhaorigetu et al. 2003; Kaur et al.
2013) anti-freezing (Wu et al. 2015), antifouling
(Yu et al. 2013; Misdan et al. 2016; Pan et al. 2017;
Xu et al. 2018), and antibacterial (Chen et al. 2012;
Kaur et al. 2014). Recent research, based on nuclear
magnetic resonance spectroscopy, has shown that
hydrated silk sericin possesses distinct mobile components in the relaxation times of D2O (Asakura et al.
2017), pointing to the differences between water near
the surface of sericin and bulk water.
The presence of a solute exclusion zone (EZ),
which is formed in water next to certain hydrophilic
surfaces, has been confirmed with multiple surfaces,
including Nafion, gels, muscle, quartz, clay, and
others (Zheng et al. 2006; Das 2012). EZ is an aqueous region extending from tens to hundreds of
microns from the surface of the material, in which

CONTACT Ezequiel Delgado
ezedelfor@gmail.com
Supplemental data for this article can be accessed at https://doi.org/10.1080/08927014.2019.1653863.
ß 2019 Informa UK Limited, trading as Taylor & Francis Group

KEYWORDS

BIOFOULING

microscopic particles (independently of their charge)
are excluded (Zheng and Pollack 2003). The formation of EZ is usually accompanied by a pH gradient,
which extends into the bulk water (Chai et al. 2009;
Das 2012). Moreover, the EZ is a dynamic phenomenon where water at the interface with hydrophilic
materials adopts a special structuring different from
bulk water (De Ninno 2017; He et al. 2018; Hwang
et al. 2018). While the most obvious source of repulsion is electrostatic, solute EZs in the range of
300–400 mm have been found in 150 mM salt solutions and the exclusion persists even in 0.5 M NaCl
solutions (Zheng et al. 2006), observations that
strongly argue against a purely electrostatic mechanism, since the standard DLVO (Derjaguin, Landau,
Verwey, Overbeek) theory has established that electrostatic phenomena extend no more than several nanometers from surfaces.
Certain properties of silk sericin have been well
reported but have not been correlated to the role that
water might be playing in mediating them. Despite
several experiments that have provided enough evidence of the antifouling properties of sericin, a proper
understanding behind the mechanisms is lacking. Here
it is shown that this proteinaceous material generates
an aqueous EZ and a proton gradient, thus providing a
possible explanation of how sericin and water can act
synergistically to mediate more complex processes.
These results are particularly important for further
understanding the mechanism of withstanding biofouling of suspended solids in the micron-size range.

Materials and methods
Materials
Ahimsa non-GMO Bombyx mori medical grade white
silk cocoons were obtained from Aurora Silk Farms
(Portland, OR, USA). One lm carboxylated polystyrene
microspheres (hereafter ‘microspheres’) were purchased
from Polysciences, Inc. (Warrington, PA, USA) (Cat. #
08226; 2.5% solids, w v–1); 2,6-dichlorophenol-indophenol sodium salt hydrate (DCPIP) was purchased from
Fluka (Flemington, NJ, USA). Distilled, deionized water
of HPLC grade was obtained from a Barnstead AccuDispense D3750 system (Nanopure Diamond
Purification System, Dubuque, IA, USA) with resistivity
18.2 MX cm. Nafion 117 was purchased from Perma
Pure LCC (Lakewood, NJ, USA). Sericin powder was
purchased from Sigma-Aldrich (Milwaukee, WI, USA).
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Preparation and characterization of regenerated
silk sericin
Silk cocoons were cut into 2 cm  2 cm pieces.
Only pieces without any stain were selected. Samples
were washed exhaustively until no turbid water was
observed. To dissolve the sericin, a standard method
of autoclaving in water (121  C, 100 kPa) was used.
This results in better preservation of the secondary
structure (Terada et al. 2002; Gulrajani et al. 2009)
and molecular weight (Gimenes et al. 2014) than
methods using alkalis and soaps, which commonly
hydrolyze sericin (Mahmoodi et al. 2010). Since
shorter-time autoclave extraction of sericin preserves
higher molecular weight fractions (Siritientong et al.
2016), autoclaving was limited to 25 min.
The sericin solution obtained as above was left until it
reached room temperature and centrifuged at 1,775  g
for 3 min NIST-IEC Clinical Centrifuge (Gaithersburg,
MD, USA). A sample of the supernatant was taken and filtered through a 2.5-lm pore filter (WhatmanTM 42, GE
Healthcare, Chicago, IL, USA) and a pH of 7.4 was measured (Corning Pinnacle 530 pH meter, Woburn, MA,
USA). Sericin solution was then lyophilized for two days
(T ¼ 46  C, P ¼ 0.052 mPa, LABCONCO Freeze Dry
System, Kansas City, MO, USA), resulting in foam. The
porous, gluey sericin foam was firmly squeezed between
two pieces of glass to make films and rods. The resulting
material showed good stability in water, as found by other
researchers (Teramoto et al. 2007). The water contact
angle of a sericin film (36 ) was measured with 10 ll water
droplets in a PT3/M –25 mm XYZ Translation Stage with
Standard micrometers (Thorlabs, Newton, NJ, USA),
equipped with a fixed Edmund Optics HB camera
(Barrington, NJ, USA), with attached Carl Zeiss Jena 6X/
0.15 objective microscope lens M20 (Jena, Thuringia,
Germany). FTIR spectra of regenerated silk sericin (RSS),
sericin powder from Sigma-Aldrich, and the surface of a
B. mori cocoon were obtained with a Nicolet 50 ATRFTIR spectrophotometer (Thermo Scientific, Vista, CA,
USA) in the range of 4,000–500 cm1, with 64 scans.
Scanning electron micrographs were taken with a FE-SEM
Inspect F50 microscope (FEI Company, Hillsboro, OR,
USA) on gold-sputtered samples of RSS at 10 kV. The
atomic composition of the sericin surface was measured
with X-ray photoelectron spectroscopy in an XPS-SPECS
apparatus equipped with a monochromatic Al source
(1,486.7 eV) for survey and high-resolution spectra for C1s,
N1s and O1s.
Determination of exclusion zones
All the experiments were conducted at 22 ± 3  C and
50% relative humidity. A suspension of

734

R. PEDREGAL-CORT
ES ET AL.

microspheres in water (HPLC grade) with a ratio of
1:600 was used as a standard image-contrast method
to detect the presence of the EZ next to the
RSS samples.
A polypropylene Petri dish, 3.5 cm diameter, was
filled with a 2.5 ml microsphere suspension, and a
regenerated rod-shaped silk sericin sample was placed
inside. Immediately after, the Petri dish was covered
with a lid to avoid airflow disturbances. Observations
were carried out with an inverted optical microscope
(Carl Zeiss Axio Observer A1/transmitted mode illumination), properly aligned for K€
ohler illumination.
A green filter (Nikon BA-510 nm, Shinagawa,
Tokyo, Japan) was used to improve contrast when
tracking the microspheres. As soon as the sample was
placed in suspension, 1 min was required to set the
proper illumination and focus. To obtain sequential
photos and track the dynamics of EZ buildup, a video
camera (Amscope MD 800E, Irvine, CA, USA) was
set in an auto-capture mode for 1 min intervals
(Amscope software). The EZ was mechanically disrupted several times with a needle and, interestingly,
the EZ was able to rebuild itself.
The experimental parameters were chosen based
on previous findings, for example, the concentration
of microspheres (1.66 mg ml1) was selected on the
basis that a low concentration would be desirable
whenever the purpose was to test pure water, but not
too low to compromise the contrast needed to allow
the proper identification of the EZ. Diluted DCPIP
solutions in absence of alcohol were used for tracking
pH changes, since one of the purposes of this work
was to study the EZ. The concentration of DCPIP at
1% w v–1 was too high to show a color change, while
0.01% w v–1 was too low to allow a proper contrast
and the identification of color hues. Therefore, a solution of 0.1% was chosen for the experiments. In this
study variation of other parameters were avoided to
obtain a clear picture of the structuring of water as
function only of the surface properties of the material,
i.e.
chemical
structure,
morphology
and
hydrophilicity.
Identification of pH gradients
Aqueous DCPIP solution (0.1%, w v–1) was used to
test the pH gradients induced by the surface of RSS
in contact with water. This reversible redox indicator
was preferred over the universal pH dye because of
its relatively low redox potential, þ217 mV (Rao and
Hayon 1973) and high sensitivity as a pH indicator.
Moreover, this indicator shows distinctive changes in
color ranging from translucent to pink and blue

(Er€
oss et al. 1964). A hydrated RSS film was soaked
in the DCPIP solution, placed on a glass slide and
immediately afterwards 150 ll of the same solution
were added and a coverlid placed on top. Images
were taken (first at 3 min and then every minute up
to 20 min) with an optical microscope using reflectedmode illumination (Amscope stereo microscope with
adapted EO HB camera).
Statistical analysis
Measurements of the width of the EZ were obtained
in five different regions in two independent samples
(i.e. 10 measurements) at 3 min intervals starting at
minute 2 and ending at min 32. The mean values of the
width of the exclusion at different times were compared
by one-way analysis of variance at 0.05 significance
(p < 0.05) using the software STATGRAPHICS
Centurion XVI Version 16.1.15. (http://www.statgraphics.com/download-statgraphics-centurion-xvi)

Results
Characterization of sericin films
Figure 1a shows the top and lateral views and Figure
1b and c the cross-sectional morphology of an RSS
foamy film. It can be observed that the film is made
of continuous fibrils ranging from 1 to 2 mm diameter, of undefined length, and that the fibrils are
intertwined and generate rough surfaces (Figure 1a).
The cross-sectional view (Figure 1b and c) shows that
the sericin fibrils protrude out of the plane that will
be in contact with water. Sericin fibrils appear as
twisted ribbons, decorated with debris from the same
material, separated from each other by about 2 mm.
These features make the surface quite irregular.
Figure 2 shows the ATR-FT infrared spectra of
RSS, a reference sericin powder from Aldrich and the
spectrum of a B. mori cocoon. It can be observed that
the three spectra show characteristic peaks of sericin;
a broad band, at 3,000–3,500 cm1, is assigned to
amides (A and B) N–H stretching vibrations. Strong
signals at 1,613 cm1 (from C ¼ O stretching) and
1,514 cm1 indicate the presence of amides I and II,
respectively. The signature peak for sericin appeared
at 1,390 cm1, and at 1,235 cm1 amide type III
(b-sheet), while a band at 1,061 cm1 shows the presence of OH groups (Gupta et al. 2013; Joshi et al.
2014; Castrill
on Martınez et al. 2017). It is noteworthy
that all the bands described appeared in the three
samples, i.e. the B. mori cocoon (confirming that sericin engulfs fibroin silk) and in the reference powder
from Aldrich. The surface nitrogen elemental
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(Voegeli 1993; Wu et al. 2010) and the zeta potential
around 25 mV (Aramwit et al. 2010; Das
et al. 2014).
Exclusion zones next to sericin

Figure 1. SEM images of regenerated silk sericin films. (a) Top
view 500 magnification; (b) cross-section at 1,000 magnification; (c) cross-section at 5,000 magnification.

Figure 3a–d shows the evolution of a zone free of
microspheres (the EZ), which extends from the RSS
surface toward the bulk of the suspension. The
depicted EZs are well defined, albeit with irregular
formation patterns, due most likely to the irregularity
of the surface (shown as black). The formation of the
EZ is uneven at short times of observation (i.e. up to
6 min); however, after 18 min a distinctive zone free
of solutes can be measured. The dimensions of the
EZ ranged from tens to hundreds of microns, similar
to those found at the interface with other hydrophilic
materials (Zheng et al. 2006; Sulbaran et al. 2014)
Figure 4 shows the time course of the EZ growth
measured in two independent samples over >30 min.
The width of the EZ increased rapidly during the first
8 min to  130 lm and then leveled off, as reported
elsewhere (Sulbaran et al. 2014). The observed variation in the width of the EZ can be explained by the
fluctuating nature of the phenomenon (see SM1) and
the irregularity of the surfaces. ANOVA results show
that there were significant differences (p < 0.001) in
the mean width of the EZ at different time intervals.
The multiple range tests (SM2), derived from the
ANOVA, explicitly display the differences between
samples obtained at 2 min and the other time intervals, and the sample at 5 min vs samples at 8, 11, 14,
17, 20, 26 and 29 min.
It is noteworthy that the EZ forms independently
of the charge polarity of the microspheres (SM3), as
reported previously (Zheng and Pollack 2003). The
fact that both positively and negatively charged
microspheres show similar EZs is further evidence
that the EZs do not arise from simple electrostatics,
for if so, then microspheres of one or the other polarity should be drawn to the sericin surface.
pH gradient induced by regenerated silk sericin

composition obtained by XPS was 15.3% whereas the
reported bulk elemental composition is 15.5%, corroborating that RSS matches the reported chemical composition of sericin protein. The pH of the parent
solution of sericin was 7.4, whereas the reported pH
for sericin from Aldrich was 7.1. The isoelectric point
of sericin has been reported to be between 3.7 and 4

Experiments with DCPIP–dye solution in contact with
the surface of a sericin film revealed the presence of a
proton gradient. Figure 5a and b shows the pH gradient of interfacial water next to sericin at two different
times. The change in color associated with a pH gradient was observed. RSS can be seen on the right-hand
side and the change of color in the dye solution
extends from pink to blue, which corresponds to values

736

R. PEDREGAL-CORT
ES ET AL.

120

100

% Transmittance

80

60

40
Regenerated sericin film
20

Commercial sericin
Silk cocoon

0
3,800

3,300

2,800

2,300

1,800

1,300

800

Wavenumber cm-1

Figure 2. Fourier-transform infrared spectra of regenerated sericin film, commercial sericin powder (Sigma-Aldrich) and
silk cocoons.

between 4.9 < pH < 6.5. The bulk of the solution
remained blue, i.e. the pH was >6.5. Figure 5a shows
that the pH gradient started to form after 3 min and
that the medium was acidic near the RSS surface. As
time progressed (Figure 5b, time ¼ 20 min) the acidity
extended toward the bulk of the solution with a pH of
4.9, which is much lower than that obtained for a solution of sericin (pH ¼ 7.4 vide supra Materials and
methods section). A sequence of pictures depicting the
evolution of a pH gradient near the RSS surface is
shown in SM4.
The DCPIP dye was also used with Nafion for
comparative purposes, since EZ water next to Nafion
and its associated pH gradient have been widely
studied (Chai et al. 2009; Das 2012; Das and Pollack
2013). SM5 shows a piece of Nafion film after exposure to DCPIP solution for 25 min. The film (righthand side) generated a similar pH gradient to that
found for RSS. However, the extension was longer
and the pH lower (from colorless to pink, pH < 4.6).

Discussion
Sericin is a hydrophilic material (contact angle 36 )
that has long been recognized for its antifouling properties (Yu et al. 2013; Lukka Thuyavan et al. 2015;
Misdan et al. 2016; Pan et al. 2017; Xu et al. 2018).
However, the role of water in antifouling has been
largely overlooked. The majority of microorganisms
(planktonic algae and bacteria) have a negatively
charged surface, and therefore a simplistic model (in
DI water) mimicking the size, hydrophobic domains
and surface charge of such microbes was used, i.e.
carboxylated polystyrene microspheres. Fluorescent
carboxylated microspheres have been used to model

microorganisms due to their similarity to bacteria
regarding their size and cell surface properties along
with their resistance to biodegradation and disinfection, especially within microbial films (Långmark
et al. 2005). If the exclusionary behavior of water acts
as a primary mechanism in antifouling materials it
must do so by hindering micron-sized foulants.
Sericin exhibited a clear zone of solute exclusion, and
a proton gradient that reached more than a 2-pH unit
decrease. It should be noted that the thickness of the
EZ for sericin extended more than 100 mm, which is
equivalent to more than 200,000 times one hydration
layer (Sinha et al. 2008).
Regenerated sericin films were cast from aqueous
solution with a pH of 7.4, and once they presented
the EZ the pH dropped to below 4.9 as seen by the
change in color of DCPIP dye. However, the redox
potential for a color change of DCPIP is þ217 mV,
while the zeta potential for sericin is 25 mV. The
change in color from blue to pink arises from an
excess of protons that delocalized once the water molecules restructured, seeking a more favorable thermodynamic configuration. This is analogous to the
formation of ice, which adopts hexagonal patterns,
leaving protons with a higher degree of freedom
(Hynes 1999; Segarra-Martı et al. 2014).
An EZ size from tens to hundreds of microns suggests that the phenomenon is not caused by electrostatics, but by a different, ordered phase of water, as
reported by other authors (De Ninno, 2017; He et al.,
2018). It is also noteworthy that experiments carried
out at significantly high ionic strength (up to 150 mM
and 500 mM NaCl), where any electrostatic forces
should be diminished to trivial values, resulted only
in a modest shrinkage of the EZ (Zheng and Pollack
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Figure 3. Development of the exclusion zone next to the surface of regenerated silk sericin as detected with a 1-mm microsphere suspension; (a) 3 min; (b) 6 min; (c) 18 min; (d) 25 min.
Regenerated silk sericin appears as the black zone under transmission light microscopy.
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2003; Zheng et al. 2006). Finally, the EZ formed not
only with negatively charged, but also with positively
charged microspheres (SM3), which would not happen if the forces were electrostatic. Indeed, the EZ
was able to rebuild several times after being mechanically disrupted; and if left overnight, it extended
from 200 to 600 mm (SM6). These features argue
against an electrostatic mechanism.
Both sericin and Nafion have been used for their
antifouling (Wisniewski and Reichert 2000; Yu et al.
2013; Misdan et al. 2016; Pan et al. 2017; Xu et al.
2018) and antibacterial properties (Sato et al. 1985;
Sarovart et al. 2003). The exclusionary feature of
water next to the surface of both materials ought to
be regarded as a primary mechanism that triggers
antifouling for micron-size foulants. Moreover, sericin
elicits an acidic environment near the surface,
enhancing the antimicrobial properties (especially
against neutrophilic bacteria), as acidic water has
been widely used as an antimicrobial agent (Hotta
et al. 1994; Kiura et al. 2002).
The proton gradient generated by sericin might also
be able to explain some processes related to silk generation. During the natural silk processing generated by
silk worms, the fibroin aqueous solution inside the
glands of B. mori undergoes a sol-gel transition and
self-assembly that leads to the formation of nanofibrils.
Those nanofibrils compose the silk thread, which is
made of fibroin, surrounded by a coating of sericin.
Experiments from other laboratories have found that
when silk fibroin solution is exposed to a weak electric
field, there is an increase in proton concentration adjacent to the positive electrode, which is a predominant
factor for electrogelation (Lu et al. 2011). A local drop
in pH induces the screening of acidic surface-charged
groups of fibroin proteins, leading to an intermolecular self-assembly. Other experiments with fibroin solution exposed to a gradual reduction of pH values have
shown that the self-assembly is triggered at an
approximate pH of 4.6, causing a morphological transition from spherical micelles to nanofibrils (Chen
et al. 2008). Furthermore, sericin has been found to
accelerate the b-transition of silk fibroin (Ki et al.
2009). This work shows how sericin can induce pH
values in water low enough to trigger the self-assembly
process required for silk fibroin proteins. Research on
silk fibroin formation inside glands and silk regeneration has neglected the role of sericin in triggering silk
fibroin formation. Proton mobilization associated with
the EZ formation in sericin may play a fundamental
role in acidifying the fibroin solution besides the
known contribution of different ions for this
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Figure 4. Dynamics of the exclusion zone formation next to regenerated silk sericin. The points represent the means of two independent experiments with five measurements each (n ¼ 10) and the bars show the SE with 95% least significant difference.

Figure 5. pH gradient indicated by 2,6-dichloroindophenol sodium dye solution in contact with the surface of a regenerated silk
sericin film (right area) after 3 min (a) and 20 min (b).

purpose. In contrast, fibroin is hydrophobic and
when regenerated fibroin films were immersed in a
water suspension of carboxylated polystyrene microspheres they failed to show an EZ (see Figure SM7
in Supplemental material).
In conclusion, RSS films when immersed in water
exhibit an EZ. This phenomenon can be explained as

a dynamic reorganization of water molecules whose
consequence is the release of protons in the aqueous
medium. The experiments carried out in this work
show how the EZ excludes suspended foulants,
thereby providing a better understanding of the role
played by interfacial water within the micron-size
regime. The antimicrobial properties of sericin could

BIOFOULING

be a consequence derived both from hindrance caused
by restructuring of water and from the acidic pH
lethal to neutrophilic bacteria. Thus, besides other
possible mechanisms, the EZ phenomenon, demonstrated with a simple model, provides further insight
into the process of antifouling. Sericin, with its adjacent interfacial water, could be considered as an entity
with unique physico-chemical characteristics.
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