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Hydrophobins  are  exceptional  proteins  produced  by  fungi.  Research  over  the  last  decade  has  led  to  a
better understanding  of  their  role  in spontaneous  self-assembly  at hydrophobic/hydrophilic  interfaces.
This  has  resulted  in  many  proposals  for using  hydrophobins  in  many  important  scientific  and  techno-
logical  applications.  Hydrophobins  may  become  attractive  as special  biosurfactants,  as foaming  agents
and for  protein  immobilization  in the  food  industries  and  in biosensors.  Moreover,  they  can  be inter-
esting  as stabilizers  for  flavors,  and  as, encapsulating  agents  of  trace  ingredients  in beverages.  The  use
of hydrophobins  in pharmaceutical  formulations  and  in  medicine  is another  interesting  application  as
they  cause  an  increased  stabilization  of drugs.  The  study  of  hydrophobins  must  also  lead  to a better
understanding  of  the  gushing  phenomenon  in  beverages  like  beers,  wines  and  ciders,  which  causes  great

economic  losses  in  those  fields.  To  recognize  the  positive  and  the  negative  aspects  of hydrophobins  these
proteins  should  be commercially  available  at large  scale  which  however  is  not  the  case.  An  overview  of
existing  possibilities  for applications  may  help  to  understand  their  behavior  in  different  environmental
conditions  and  to  stimulate  finding  improved  methods  for  isolation  and  purification,  and  possibly  other
unexpected  applications.

©  2012  the  Associations  of the  Former  Students  of  the  Belgian  Brewing  Schools.  Published  by Elsevier
ntroduction

Hydrophobins are a large family of small cysteine rich pro-
eins (about 100 amino acids) (Chaplin and Kennedy, 1994) with

 molecular mass of around 10 kDa (Cooper and Kennedy, 2010)
Fig. 1). The name hydrophobin was originally used due to their
igh content of hydrophobic amino acids (Armenante, 2008). The
roteins are secreted by fungi into liquid media or remain at the
urface of aerial mycelia (Stubner et al., 2010). Recent evidence
emonstrates that a broad spectrum of functions in fungal growth
nd development is mediated by hydrophobins (Armenante, 2008).
hey have been detected in fungal plant pathogens (Talbot et al.,
996; Bidochka et al., 2001), insect pathogens (St Leger et al., 1992),
nd human pathogens (Parta et al., 1994) and saprophytes (Bell-
edersen et al., 1996). More than one type of hydrophobin has
een found in most moulds. For example, in Schizophyllum com-
une, at least four hydrophobin-encoding genes (Sc1–Sc4) with
Please cite this article in press as: Khalesi, M.,  et al., Hydrophobins: Exc
and other bio-industries. Cerevisia (2012), http://dx.doi.org/10.1016/j

issimilar functions have been isolated (Wessels, 1993). Due to the
istribution of the cysteines and the clustering of hydrophobic and
ydrophilic residues, hydrophobins are divided into two classes:

∗ Corresponding author. Tel.: +32 16 321461; fax: +32 16 321997.
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class I such as SC3 and EAS, and class II like HFBI and HFBII. The
aggregates formed by both classes are distinguished on the basis of
their solubility and morphology (Linder, 2009a, b).

Hydrophobins can assemble at a hydrophilic–hydrophobic
interface forming an amphipathic film (Wessels, 2000) (Fig. 2).
This film makes hydrophobic surfaces of liquid or solid materials
wettable, while hydrophilic surfaces are becoming hydrophobic.
Thanks to their extraordinary properties, hydrophobins were con-
sequently first suggested for a number of applications involving the
modification of surfaces properties (Janssen et al., 2002a, b) lead-
ing to improving biocompatibility, reducing friction, or providing
specific sites for protein immobilization (Kisko, 2008) (Table 1).
The self-assembly of hydrophobins (Wösten and Wessels, 1997) is
interesting in the field of surfactants, emulsifiers, and surface coat-
ing. Using the hydrophobin in future nanotechnology applications
(e.g. patterning molecules at a surface with nanometer accuracy)
(Scholtmeijer et al., 2001; Wang et al., 2004; Thomas, 1995), may
lead to improving biosensors (Bilewicz et al., 2001), and applica-
tions in tissue engineering (Lumsdon et al., 2005). Remarkable is
the possibility to separate and isolate nutritional proteins of inter-
eptional proteins for many applications in brewery environment
.cervis.2012.04.002

est by fusing them to the hydrophobins. This could result in a
generic, rapid and efficient protein purification system (Linder et al.,
2004). As hydrophobins are adsorbed easily to both hydrophilic
and hydrophobic surfaces, such as glass, mica, parafilm, and Teflon,

lgian Brewing Schools. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Structure of hydrophobin HFBII (Armenante, 2008). Cartoon of the protein
backbone structure showing the �-barrel formed by two  �-hairpins (green) and the
connecting �-helix (red). The disulfide bonds of Cys residues are shown in yellow.
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Table 1
Some different applications of hydrophobin.

Type of
hydrophobin

Application References

Class I SC3 Teflon surface modification Scholtmeijer et al. (2002)
Class II HFBI A potential fusion partner for

one-step purification of avidin
from insect cells

Lahtinen et al. (2008)

Class II HFBI Efficient purification of
endoglucanase I

Linder et al. (2004)

Class I SC3 Formulation of water insoluble
drugs for oral administration

Akanbi et al. (2010)

Class II HFBI Coating of drug nanoparticle Valo et al. (2010)
Class I SC3 Polymer surface modification Misra et al. (2006)
Class I SC3 Immobilization of glucose

oxidase and horseradish
peroxidase

Corvis et al. (2005)

Class II HFBI Glass surface modification Qin et al. (2007a, b)
Class I SC3 and

SC4
Surface modification Janssen et al. (2002a, b)

Class I HGFI To disperse multi-walled
carbon nanotubes (MWCNTs)

Wang et al. (2010a, b, c)

Class I SC3 RGD modified polymer Hersel et al. (2003)

F
t
l

For interpretation of the references to color in this figure legend, the reader is
eferred to the web  version of this article.)

esulting in modification of their properties (Wösten et al., 1994)
nd the ability of hydrophobins to assemble into strong monolay-
rs and to modify the hydrophobicity of a surface these proteins
ay  have a wide range of potential usages as biotechnological tools

Mackay et al., 2001). Increasing demands for hydrophobins leads
o a challenge in terms of the production and purification of this
roduct (Subkowski et al., 2007; Winterburn et al., 2011a, b).

For the stabilization of oil vesicles, or oil emulsions, in phar-
aceutical applications hydrophobins might be used instead of

raditional surfactants (Scholtmeijer et al., 2001). Hydrophobins
ith suitable properties are potential candidates for native bio-

urfactants to treat repellency. On the other hand, understanding
heir involvement in modification of hydrophobicity could open
p new applications, for instance in using fungal field inoculants
Please cite this article in press as: Khalesi, M.,  et al., Hydrophobins: Exc
and other bio-industries. Cerevisia (2012), http://dx.doi.org/10.1016/j

Rillig, 2005). The amphiphilic nature of hydrophobins can also
e exploited using its surfactant-like behavior in solutions, since
hey are quite soluble in water (Lahtinen et al., 2008). Recently, the

ig. 2. Assembly of class I hydrophobin SC3 at the water–air interface (A) and at the surfa
he  air (C) shows fascicles of parallel rodlets measuring 10 nm in width (bar represents 1
egend,  the reader is referred to the web  version of this article.).
Class II HFBII Stabilization of bubbles and
foams

Basheva et al. (2011)

ability of hydrophobins to increase the dispersion of hydrophobic
particles in water has been described (Wang et al., 2010a, b, c).

Although various applications are expected for native
hydrophobins, the modification of hydrophobin structures might
offer more possibilities as it may  lead to changing the biophysical
properties of the hydrophobin surface. By changing the surface
hydrophobicity, the binding of various molecules and cells can be
manipulated (Hektor and Scholtmeijer, 2005). The self-assembly at
hydrophobic/hydrophilic interfaces as well as the nontoxic nature
of hydrophobins allow them to be introduced into a number
of products (Kershaw and Talbot, 1998). A negative aspect of
hydrophobins is that they are produced by fungi when growing
on grains (e.g. barley) and during grain treatment. Barley is a very
important vegetal food with high economic value as it is used in the
eptional proteins for many applications in brewery environment
.cervis.2012.04.002

production of beer and other drinks (Ehrenbergerova et al., 2006;
Jood and Singh, 2001; Sehgal and Kawatra, 1998). The presence
of hydrophobins leads to gushing, which has many economic

ce of a water–Teflon interface (B). The hydrophobic surface of the membrane facing
00 nm)  (Wessels, 2000) (For interpretation of the references to color in this figure

dx.doi.org/10.1016/j.cervis.2012.04.002
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rawbacks for brewing industries. Consequently, improvement in
apid and early detection methods for hydrophobins is required
Shokribousjein et al., 2011).

The aim of this report is to emphasize the different applications
f hydrophobins and to stimulate more studies for finding methods
o detect, isolate and produce these valuable proteins.

ydrophobins: novel biosurfactants

Finding harmless surface active components is a challenging
opic in food industries and hydrophobins have become outstand-
ng candidates in that context (Murray et al., 2009). These unusual
roteins seem to adsorb and act as rigid hydrophobic nanoparticles.

Hydrophobins are surfactive molecules that can polymerize at
n air/water or water/oil interface and therefore, form a strong,
olymeric monolayer which can reverse the hydropathicity of
urfaces (Mackay et al., 2001). Their surface activity is at least
imilar to that of traditional biosurfactants, such as glycolipids,
ipopeptides/lipoproteins, phospholipids, neutral lipids, substi-
uted fatty acids, and lipopolysaccharides and thus hydrophobins
an be applied as an alternative in different branches of indus-
ry (e.g. in emulsions and dispersions) (Scholtmeijer et al., 2001).
espite having properties of usual surfactants, the surface activ-

ty of hydrophobins is not due to a lipid-like partial structure, but
o the presence of particular amino acids in a specific sequence
Scholtmeijer et al., 2001).

Analysis of the S. commune SC3, and the T. reesei hydrophobins
FBI and HFBII show that these hydrophobins can stabilize oil
roplets but the effects concerning the size of droplets and their
tability are different (Linder et al., 2005). Wang and his co-workers
Wang, 2004) show that the class I hydrophobin SC3 forms a

embrane when it is assembled on water/oil interfaces at high
oncentrations (above 50 �g/mL). This membrane allows unidirec-
ional passage of small molecules of up to 10,000 Da in size from
he hydrophobic to the hydrophilic side but prevents the passage
f molecules ranging from 300 to 10,000 Da from the hydrophilic
ide. Another notable phenomenon is that addition of SC3 to a
lanar lipid bilayer system appears to cause voltage independent
ore formation, as determined by the release of calcein (Wang,
004). SC3 has an influence on DOPC/DOPE (dioleoylphosphatidyl-
holine/dioleoylphosphatidylethanolamine) liposomes but does
ot destabilize DPPC (dipalmytoylphosphatidylcholine) liposome.
ther proposed applications include the use of hydrophobins as
mulgators in food processing, liposome applications and oil refin-
ng.

As mentioned earlier, hydrophobins can stabilize air-filled
mulsions in foods (Tchuenbou-Magaia et al., 2009), and these
mulsions have been used to create a tri-phasic emulsion system
ith up to 30% air phase and 30% oil phase stabilized with Tween

0. The tri-phasic emulsions were physically stable with little or no
oalescence or ripening of either emulsion phase over 45 days.

Recombinant hydrophobins can modify hydrophilic and
ydrophobic surfaces (glass and Teflon, respectively) for different
pplications in food industries (Schmoll et al., 2010). From such
bservations and due to a recent patent by Guzmann et al. (2009)
ore applications for hydrophobins are expected for long terms

tabilization of different phases in food products.

ydrophobins in foam stabilization and gushing

The presence of hydrophobins causes foaming in shaken micro-
Please cite this article in press as: Khalesi, M.,  et al., Hydrophobins: Exc
and other bio-industries. Cerevisia (2012), http://dx.doi.org/10.1016/j

ial cultures due to their surface activity. In particular, aerated
ioreactor cultures of filamentous fungi often suffer from foaming,
nd antifoam agents are needed (Linder et al., 2005). The mech-
nism of foam stabilization by hydrophobins may  result in high
 PRESS
 xxx (2012) xxx–xxx 3

surface elasticity. Bailey et al. (2002) have studied the problem
using T. reesei strains in which the hfb1 or hfb2 genes were either
inactivated or overexpressed. Overexpression of the hydrophobins
led to increased foaming whereas deletion of the hfb2 gene showed
a significant reduction. Other similar studies have demonstrated
that bubbles and foams can be stabilized by hydrophobins (Murray,
2007). Also in the hydrophobin-stabilized foam, no disproportion-
ation of the bubbles was  observed. This is attributed to the rheology
of the surfaces (Stevenson, 2010). Thus, the high surface elasticity
of HFBII could stabilize single bubbles against disproportionation
for long periods of time, when compared to both �-casein and
�-lactoglobulin. HFBII forms bubbles stable for 4 days at room tem-
perature. These data confirm the potential of hydrophobins to form
stable bubbles and formulate new foam products (Cox et al., 2009).

The exceptional stabilization of aqueous foams with
hydrophobin HFBII, at a concentration of 0.1 wt%  protein within a
broad range of pH was  also demonstrated by Cox et al. (2009).  They
reported that when thickening agents are present to lower the rate
of creaming, hydrophobin could stabilize foams to some extent.
In this case little or no air phase loss was observed for over four
months. In addition, they mentioned an example where most of
the air phase volume was unchanged even after 2.5 years storage
at chill temperature. Although more evidence is needed to com-
pletely understand the surface behavior of hydrophobins, it seems
that HFBII may act as a nature-designed Janus-like (two phases)
particle, adsorbing strongly to the air/water surface, and effectively
resisting surface changes in consequence of disproportionation.
This is absolutely not the case for milk proteins, which display
a relatively low elasticity and have quite insignificant effects on
lowering the rate of disproportionation. To fully understand its
effects and further exploit its potential, a detailed model for the
physical properties of hydrophobin at surfaces and interfaces
remains however required.

Although the stabilization of foam by hydrophobin has impor-
tant positive applications (Talbot et al., 2001), hydrophobins may
become a significant problem in the field of beer brewing and the
production of sparkling wines and ciders. When a high amount
of hydrophobins is present in carbonated beverages, they induce
what is known as gushing of the beverages (Linder, 2009a, b;
Kleemola et al., 2001). Gushing products cannot be brought on
the market and lead to high economic losses and product brand
image damages. Some small peptides which consist of hydropho-
bic amino acids were initially defined as gushing factors (Amaha
et al., 1973). Several methods have since been developed to
trace the specific presence of the gushing factors either on bar-
ley, during intermediate production steps and finally in the final
products such as beer (Hippeli and Elstner, 2002). Specific meth-
ods for detection and/or identification of hydrophobins are either
immunological methods or based on using the MALDI-TOF–MS
technique (matrix-assisted laser desorption ionization time-of-
flight mass spectroscopy) (Deckers et al., 2010; Sarlin et al., 2005,
2007). Other approaches are based on the observation whether
gushing is observed or not in sparkling water on addition of a
suspected sample.

Zapf et al. (2006) cloned hydrophobin genes from Fusarium
culmorum. They suggested that class II hydrophobins are mainly
responsible for gushing in beers. The insolubility of the aggregates
from class I hydrophobin may be the reason that these do not par-
ticipate in the gushing phenomenon.

Hydrophobins in protein immobilization and separation
eptional proteins for many applications in brewery environment
.cervis.2012.04.002

Based on the efficient assembly, hydrophobins are used as a tag
to purify proteins from complex mixtures. Protein immobilization
is an interesting topic in food and nutrition science (Wösten, 2001).

dx.doi.org/10.1016/j.cervis.2012.04.002
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he captured proteins might be enzymes or nutrient ingredients.
n principle, both class I and class II hydrophobins can be used to
mmobilize proteins, however, class I hydrophobins are preferred

hen detergents or pressure are involved.
Class I hydrophobin from Pleurotus ostreatus was used to coat

aterial in the micromachining process of crystalline silicon based
n potassium hydroxide (KOH), which is of straightforward inter-
st to the microelectronics industry (de Stefano et al., 2007; Janssen
t al., 2004). The assembly of the S. commune class I hydrophobins
C3 and SC4 on Teflon was studied by Janssen et al. (2004).  Changes
n conditions for coating were addressed and it was  observed that
t high temperatures (80 ◦C), more hydrophobins could be attached
han at room temperature. It was shown that the �-sheet end state
f the SC3 and SC4 hydrophobins improves growth of fibroblasts
imilarly to that observed with the intermediate �-helical con-
ormation (Janssen et al., 2004). Similar to the immobilization of
nzymes, the immobilization onto columns or other solid sup-
orts of proteins such as antibodies, using hydrophobin fusions

s predicted. Palomo et al. (2003) used hydrophobins to create
rotein–protein interaction columns. Firstly, they bound the P.
streatus mycelium-bound hydrophobins on hydrophilic glyoxyla-
arose. Thereafter, they studied the immobilization of lipases to the
olumn. The authors suggested that the mechanism of lipase immo-
ilization on hydrophobins occurs similarly as immobilization to
ther hydrophobic carriers.

Liquid–liquid extractions using aqueous two-phase systems
ATPS) are used to purify proteins at large scale. This method
s frequently used for purification of membrane proteins (Collen
t al., 2002a).  The purification efficiency depends on the proper-
ies of other proteins in the mixture. Class II hydrophobins display
igh separation behavior in ATPS. A protein of interest can then
e fused to the hydrophobin based on its affinity, resulting in a
eneric, rapid and efficient purification system (Collen et al., 2002a,
, c). Both T. reesei HFBI and HFBII, but in particular HFBI, can
e directed to the non-ionic surfactant phase when an aqueous
olution containing hydrophobin is mixed with technical grade
e.g. Berol (C11EO2)) or homogenous non-ionic surfactants with
ifferent length of hydrophilic head-groups (Linder et al., 2001).
ased on ATPS, HFBI could be used as a tag to purify the cellulose
ndoglucanase I (EGI) and the cellulose-binding domains from the
ellobiohydrolases CBHI and CBHII (Bilewicz et al., 2001). A similar
pproach was followed to purify proteins from insects and plant
xtracts (Joensuu et al., 2010).

Fusion proteins of the target protein facilitate different char-
cteristics. It often improves the solubility of the target protein
nd sometimes results in high level expression of the target pro-
ein. Efficient separation in ATPS can be used for the selective
urification of recombinant protein–hydrophobin fusions. Good
roduction yields of HFBI fusion proteins (e.g. gram per liter) were
btained by using T. reesei and the fusion proteins were efficiently
eparated into the ATPS surfactant phase (Bilewicz et al., 2001;
ordier, 1981; Collen et al., 2002a, b, c). The experiments carried out
ith homogenous surfactants suggest that there exists a significant

elationship between the size of the fusion partner, the composition
f the surfactant and the partitioning of the fusion protein (Bilewicz
t al., 2001). An ATPS separation of the EGIcore-HFBI fusion prod-
ct has also been successfully carried out at pilot scale (Selber et al.,
004), showing the industrial potential of the system. Fusion of the
oal protein to HFBI thus provides a cheap, easy and efficient way
o purify the protein in ATPS and this approach could be applica-
le for many other proteins. In a recent study, the feasibility and
cale-up possibility of extraction in detergent-based ATPS for pro-
Please cite this article in press as: Khalesi, M.,  et al., Hydrophobins: Exc
and other bio-industries. Cerevisia (2012), http://dx.doi.org/10.1016/j

ein separation from culture broths is demonstrated (Selber et al.,
004).

Grifola frondosa hydrophobin HGFI was used to disperse multi-
alled carbon nanotubes (MWCNTs) in water (Wang et al., 2010a,
 PRESS
 xxx (2012) xxx–xxx

b, c; Callegari et al., 2004). The results suggest that HGFI might
non-covalently bind to MWCNTs through hydrophobic interaction.

Since class I hydrophobins may  form highly insoluble assem-
blages, they have not been used as a tag for ATPS purification so
far.

Immobilization of flavor compounds by use of natural
hydrophobins can be another interesting aspect of this protein in
order to keep the aroma in food and beverages without any signif-
icant changes for a long time. However, in the latter case, as the
gushing phenomenon should be controlled, it is not logical to add
this component to carbonated beverages.

Hydrophobins for biosensors improvement

Although biosensors are used to detect and/or to determine
many compounds, such as food ingredients, or several other phe-
nomena, it appears that biosensors with more sensitivity and more
accuracy are needed.

A general problem of biosensors using immobilized enzymes
is the denaturation of the proteins bound on surfaces (Chakarova
and Carlson, 2004). It has been confirmed that a hydrophobin
coating can inhibit denaturation of immobilized enzymes and
preserve long time activity. Enzymes can be immobilized either
covalently (Linder et al., 2002) or non-covalently (Corvis et al.,
2005) on a hydrophobin coating as a fusion protein. Recently, a
novel non-covalent approach was developed for the functionaliza-
tion of multi-wall carbon nanotubes (MWNTs) by using HFBI (Wang
et al., 2010a, b, c). Due to the amphipathic nature, HFBI could be
bound onto the surface of MWNTs to form HFBI–MWNTs nanocom-
posites with proper dispersion in water. The authors reported
that the developed biosensor displays high sensitivity, wide linear
range, low detection limit, and fast response for glucose detec-
tion, which implicated that the HFBI–MWNTs nanocomposite film
holds great promise in designing electrochemical devices. A conve-
nient approach to achieve a stable hydrophilic surface by modifying
poly(�-caprolactone) (PCL), which is a synthetic biodegradable
polymer, with a class II hydrophobin (HFBI) coating was also devel-
oped (Wang et al., 2011). HFBI modification converts the surfaces
of nonwoven PCL grafts from hydrophobic to hydrophilic, and
improves their cyto-compatibility and hemocompatibility. Several
types of proteins such as the glucose oxidase from Aspergillus niger,
bovine serum albumin, chicken egg avidin and monoclonal IgG1
could adsorb onto a hydrophobic solid that was coated with the
class I hydrophobin HGFI and class II hydrophobin HFBI (Qin et al.,
2007a, b; Wang et al., 2010a, b, c). Adsorption efficiency of these
proteins on hydrophobin layers depends on pH and ionic strength.
Apparently, surface adhesion is due to selective charge interac-
tions. Thus, hydrophobins can transform a non-polar surface into
a polar one, and then recruit proteins using charge interactions
(Wang et al., 2010a, b, c). This principle has been used to immo-
bilize enzymes in developing biosensors (Corvis et al., 2005; Hou
et al., 2009). Zhao et al. (2007) reported that HFBI could be easily
adsorbed onto polished platinum electrodes and thereafter used to
adsorb glucose oxidase.

The controlled molecular modification of surfaces is a key in the
preparation of function-oriented micro-patterned advanced mate-
rials. Researchers suggest that hydrophobin coating might be an
intermediate to attach cells, proteins, or other type of molecules
to hydrophobic surfaces in biosensors. Bilewicz et al. (2001) have
studied the assembly of Pisolithus tinctorius hydrophobins HYDPt-1
on electrodes. The hydrophobin-coated electrodes were function-
alized with electroactive compounds. The long hydrocarbon chain
eptional proteins for many applications in brewery environment
.cervis.2012.04.002

present in ubiquinone (Q10) was used as a model hydrophobic
molecule. First, the HYDPt-1 layer was self-assembled on the GCE
(Glassy Carbon Electrode) from a usual solution of 2 �g/mL Tris
buffer, pH 7.0. Next, the self-assembly of Q10 was carried out from

dx.doi.org/10.1016/j.cervis.2012.04.002
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 solution containing 1 mg  of Q10 in 1 mL  of DMF  (dimethylfor-
amide). The functionalized hydrophobin layers were stable in a
ide range of pH, and effectively blocked the oxidation of the elec-

rode substrates and the access of hydrophilic electroactive probes
o the electrode surface. Hydrophobins can control the access of
ompounds from the solution to the electrode surface and therefore
he specificity and sensitivity of the electrode is increased (Bilewicz
t al., 2001).

ydrophobins: medical and pharmaceutical applications

Hydrophobins are interesting for enhancing the biocompati-
ility of medical implants in order to avoid the rejection of the

mplants (Hektor and Scholtmeijer, 2005). Low-friction surfaces are
equired in various biomedical applications (Misra et al., 2006).
o reduce the friction of materials, hydrophobins can be used
afely. It has been suggested (Wösten, 2001) and later confirmed
Aimanianda et al., 2009) that by covering fungal aerial structures,
ydrophobins shield antigens in the cell wall, thereby protecting
he fungal structure against the immune system. These observa-
ions point out that the use of hydrophobins in medical applications
ill possibly not elicit immunogenic reactions. As an alternative,
olystyrene (PS) and a copolymer of benzoyl-1,4 phenylene and
,3-phenylene (PBP) were coated with SC3 (Misra et al., 2006). Sta-
le coating with 10–20 nm thickness of SC3 was obtained on the
olymers after spin coating and/or after adsorption of SC3 from an
queous solution. Analysis of friction at nanometer scales using Lat-
ral Force Microscopy (LFM) shows ultralow relative friction coeffi-
ients for hydrophobin-coated surfaces. A reduction in the friction
oefficient of 70–80% was obtained when compared to bare PS,
hile a 50–60% reduction was obtained when compared to bare PBP

note that PBP has a lower friction coefficient than PS). The coatings
how a constant reduction of friction over a period of several weeks.

Formulation of hydrophobic drugs using hydrophobins is an
nteresting alternative to traditional methods, since this new for-

ulation is generic and contains only a non-toxic protein as
xcipient. The simple preparation in combination with the pos-
ibility of performing experiments at small scale allows applying
he hydrophobin formulations for screening of potential drug-
andidates in a high-throughput setup (Akanbi et al., 2010).
urthermore, the self-assembly property of hydrophobins allows
hem to be used in formulations of water insoluble drugs for
ral administration (Valo et al., 2010). The bioavailability of the
ydrophobic drugs cyclosporine A and Nifedipine was  increased
wo and six fold, respectively, when adding SC3 to a drug suspen-
ion (Akanbi et al., 2010).

Class II hydrophobins have also been used to stimulate cell
rowth on solid surfaces (Hou et al., 2008). A coating with HFBI was
mployed to adhere collagen to the hydrophobic surface of PDMS.
he layer of HFBI/collagen helps the adhesion and the growth of
uman embryonic kidney cells. Similarly, growth of neural stem
ells was promoted on micro-domains that had been covered with

 HFBI/serum protein layer (Li et al., 2009).

ydrophobins: multiple promising applications

There are several possible applications of hydrophobins that
ere not extensively considered so far. Hydrophobins were found

o extend the residence time of hair care products and shampoos
Vic, 2003). They can be used to stabilize emulsions in creams and
intments (Wösten et al., 1994). To develop the stability and parti-
le size of suspensions and emulsions, and to conserve the activity
Please cite this article in press as: Khalesi, M.,  et al., Hydrophobins: Exc
and other bio-industries. Cerevisia (2012), http://dx.doi.org/10.1016/j

f proteins at surface of a liquid or a solid material, the amphipathic
ydrophobins can be exploited (Wösten and de Vocht, 2000). The
. reesei HFBI has been expressed on the surface of yeast by fusing it
o the cell wall flocculation protein FLOI of Saccharomyces cerevisiae
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(Nakari-Setala et al., 2002). The FLOI–HFBI fusion protein was suc-
cessfully exposed at the yeast cell surface. The binding affinity of
the hydrophobin containing yeast onto hydrophobic silicone-based
materials was two-fold increased. No improvement in binding onto
hydrophilic carriers has been found (Nakari-Setala et al., 2002).
Cells can be immobilized on solid surfaces by using hydrophobins
which can improve the biocompatibility of implants after screen-
ing. In more advanced experiments, the hydrophobins structure
can be modified by chemical cross-linking methods or by genetic
engineering (Janssen et al., 2002a, b).

Conclusion

From what we reported above it can be concluded that the
extraordinary properties of hydrophobins offer numerous pos-
sibilities for applications in science and technology. Excellent
applications are possible in domains necessitating a better sta-
bilization of foams. Related to excessive foaming of carbonated
solutions, hydrophobins are excellent indicators for the gushing
phenomenon, which is really a serious problem for carbonated bev-
erage industries. For the purification of proteins, fusion proteins
between hydrophobins and other proteins can be immobilized on
solid substrates, and hydrophobins can help in column protein sep-
aration techniques. Hydrophobin coating is a possible intermediate
step to attach cells, or other types of molecules to hydrophobic
surfaces, such as in biosensors. Formulation of hydrophobic drugs
using hydrophobins due to the surface properties of these proteins
is another interesting topic that is extensively studied nowadays.
However, to further improve several industrial applications involv-
ing foams and surface coatings, a better understanding of the
hydrophobin binding sides at the molecular level is important.
Simultaneously methods for large scale isolation and production
are needed.
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