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ABSTRACT: Fouling of complex food components onto food-processing materials affects food quality, food safety, and
operating efficiency. Developments in nonfouling and fouling-release materials for biomedical and marine applications enable the
potential for adaptation to food applications; however, challenges remain. The purpose of this review is to present different
strategies to prevent fouling and/or facilitate foulant removal with a critical point of view for an application of such materials on
food-processing surfaces. Nonfouling, self-cleaning, and amphiphilic materials are reviewed, including an explanation of the
mechanism of action, as well as inherent limitations of each technology. Perspectives on future research directions for the design
of food processing surfaces with antifouling and/or fouling release properties are provided.

KEYWORDS: nonfouling material, fouling release, protein repellent, self-cleaning, food processing

B INTRODUCTION

Fouling of food components onto food-processing surfaces
(e.g., stainless steel, rubber gaskets, membranes, polymer or
metal conveyor belts) reduces operating efficiency, shortens run
times, and increases the likelihood of biofilm formation. As it
pertains to the food industry, fouling can loosely be defined as
the accumulation of minerals, proteins, and other food
components on food-processing surfaces after prolonged
submersion in liquid or semiliquid food products. In addition
to providing a conditioning layer for the growth of pathogenic
or spoilage biofilms,"* fouling of food-processing surfaces has a
substantial impact on processing efficiency, productivity, and
food quality. Fouling is a particular issue in heat exchangers,
where wall heating effects exacerbate foulant deposition (Figure
1).> As foulant builds up on the product side of a heat
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Figure 1. Fouling on plate heat exchanger. Mineral and complex
(protein, carbohydrate, lipid) foulants build up on the product-contact
side of stainless steel in a plate heat exchanger. As the thickness of the
foulant layer increases, heat transfer and operational efficiencies
decrease.

exchanger, thermal conductivity is reduced, increasing utility
demands.* Foulant buildup is similarly an issue in membrane
processes. In both cases, eventually, foulant thickness increases
to a point that fluid flow is significantly affected, increasing
pump demand to maintain flow rate. Once fouling has been
initiated, continued buildup of food components results in the
eventual need for cleaning. In many cases, foulant can be
removed only by shutting down production, dismantling the
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unit, and manually cleaning the fouled equipment. In dairy
processing, cleaning to remove foulant has been reported to be
up to 15% of the total production time® and accounts for up to
80% of total production costs,® so the industrial economic
impact of fouling on food-processing surfaces cannot be
underestimated. A major challenge in the food industry is to
avoid or minimize fouling caused by food components such as
minerals and proteins during processing. This paper reviews
recent advances in the design of nonfouling and self-cleaning
materials. The following different approaches are described:
protein-repellent surfaces, zwitterionic surfaces, stimuli-respon-
sive polymers, the lotus effect, and amphiphilic materials.
Finally, we critically evaluate challenges and opportunities
toward possible applications of each approach to food
processing.

Mechanisms of Fouling on Food-Processing Surfaces.
Despite the industry-wide impact of fouling on food-processing
and -handling surfaces, the fundamental mechanisms by which
fouling is initiated are not well understood. Several factors have
been hypothesized to contribute to fouling in heat exchangers,
including particulate deposition, protein content, mineral
composition, and wall heating.”

According to Epstein,” fouling mechanisms can be classified
into five major categories,” '° including precipitation, partic-
ulate, biofouling, corrosion, and chemical reaction fouling. It is
unlikely that fouling is due to a single mechanism; rather,
fouling likely involves a combination of several mechanisms
occurring simultaneously. With regard to fouling by dairy
products, two major classes of foulant are observed. Between 85
and 110 °C, a high protein content deposit forms, whereas at
higher temperatures (110—140 °C) a higher mineral content
deposit forms, consisting of calcium and phosphorus salts.'!
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Foulin% is a time-dependent phenomenon. Five stages of
foulings_ © have been identified. During initiation, there is a
delayed onset of fouling during which materials undergo surface
conditioning and nucleation begins to initiate fouling. In the
transport stage, there is mass transfer of additional foulant to
the surface, which facilitates the attachment stage, in which
foulant adheres to the surface via a range of interactions
including electrostatic, hydrophobic, and surface nucleation.
Often, there are also removal and aging stages in fouling.
Removal may be a result of autoinitiated detachment or release
of foulant from the material or by externally forces such as
scouring, sloughing, or other mechanical agitation. In later
stages of a fouled material, the fouled layer may age, particularly
in a heated surface such as a heat exchanger. In this case, the
nature of the foulant may change over time, influencing
adhesion and cleanability characteristics. With regard to food
processing, this may influence product quality by imparting a
“cooked” flavor or sloughed off mineral deposits in the final
product.

In the literature, fouling deposits caused by diverse food
products have been studied, including coconut milk,'? sugar
cane juice,13 apple juice,14 cheese sauce,"> and, most commonly,
milk.'""*~"® Numerous factors have been reported to influence
the foulant deposition rate, adhesion strength, and chemical
composition such as the operating conditions (temperature,
flow, etc.), the nature of the processing surface (topography/
roughness, chemical nature), and the composition of the
processed fluid. It has been demonstrated that the composition
of the fluid plays an important role in the chemical composition
and deposition rate of fouling. Christian et al.'® showed that the
addition of mineral salts, calcium and phosphate, to whey
protein concentrate solution decreases the amount of deposit
and changes its chemical composition, suggesting that
fluctuation in fluid composition can significantly alter the
content and nature of fouling. Therefore, understanding the
conditions that promote fouling and being able to manipulate
food-processing surfaces to prevent such fouling and/or
facilitate foulant removal would have significant economic
impact on the food-processing industry. Figure 2'° shows
schematically three major strategies to design nonfouling
surfaces. Most often, researchers seek to manipulate surface

properties such as wettability (hydrophobic, hydrophilic) and
topography.

Strategies
for
Antifouling
Surfaces

3D Surfaces

Figure 2. Approaches to the design of nonfouling materials."”
Reproduced with permission from ref 19 (http://dx.doi.org/ 10.
1039/b801491d). Copyright 2008 The Royal Society of Chemistry.
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Financial Impact of Fouling. Fouling is a complex and
costly problem that affects many different sectors including the
biomedical, marine, petrochemical, and food industries. The
total financial imgact of fouling was estimated in 2000 by
Miiller-Steinhagen®® to be 0.25% of the gross national product
(GNP) for industrialized countries such as the United States
($7 billion) and up to 0.15% of the GNP for other countries. As
it pertains to the food industry, about 80% of the total
production cost in dairy processing has been attributed to
fouling and cleaning of fouled process equipment.® In the food
industry, fouling is very severe and more expensive compared
to other industries. Indeed, the unwanted deposits formed
during food processing need to be cleaned on a daily basis or
more often, for example, every 5—10 h, depending on the
severity of the fouling, whereas such foulant removal is done
once a year or less in the petrochemical industry. These
frequent cleanings®' interrupt the production process and have
significant economic and environmental impacts. Fouling can
decrease permeate flux in filtration systems,* reduce heat-
transfer efficiency in heat exchangers,23 and increase fluid
frictional resistance in ultrafiltration, piping, or pasteurization23
and lead to the formation and survival of pathogenic biofilms.**
However, cleaning has its limitations and does not always
remove all of the fouling deposits.”" For these reasons, there is
substantial industrial and research interest in designing
materials that reduce fouling of food-processing surfaces. As
described in the sections that follow, two major approaches are
considered toward this goal: the design of surfaces that resist
the initiation and buildup of foulants (i.e., nonfouling materials)
and the design of surfaces with fouling-release properties, in
which the foulant is easily detached from the surface (i.e., “self-
cleaning” materials).

B NONFOULING MATERIALS

Protein-Repellent Surfaces. Whereas the exact conditions
that promote initiation of fouling are not fully understood,
fouling by food proteins is an important area of research toward
the development of nonfouling materials. Hydrophobic surfaces
(such as stainless steel and many food-contact polymers) can
adsorb proteins via hydrophobic protein—surface interactions,
and the adsorbed protein molecules can undergo conforma-
tional changes,25 which can lead to irreversible fouling. A
widespread approach to reduce protein fouling on hydrophobic
surfaces is to modify the surface chemistry of such materials by
the grafting or coating of hydrophilic polymers.

Among these hydrophilic polymers, poly(ethylene glycol)
(PEG), also named poly(ethylene oxide) (PEO), is well-known
for its protein-repellent, antifouling properties. In the literature,
the antifouling properties of PEG are well documented.”®™*
The ability of these antifouling polymers, and particularly PEG,
to prevent nonspecific ;)rotein adsorption has been studied
theoretically®® by Jeon,”*** Szleifer,*>*” and Halperin®® for
polymer brushes and by Prime*** and Grunze*™* for self-
assembled monolayers (SAMs). Jeon and others explained the
resistance to protein adsorption of PEG brushes by a “steric
and osmotic repulsion” mechanism>*~>* (Figure 3), in which
the compression of PEG chains during the approach of the
protein toward the surface leads to steric repulsion, whereas the
resistance of the hydrated polymer to release both bound and
free water during compression creates an osmotic repulsion,
that is, the “water barrier”. In Figure 3, protein adsorption onto
a hydrated PEG brush disrupts the water molecules
surrounding both protein and polymer chains (favorable
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Figure 3. Proposed mechanism for preventing protein fouling by grafting a hydrophilic polymer such as polyethylene glycol. Polyethylene glycol
swells with water to create an osmotic repulsion, that is, a “water barrier”. Reproduced with permission from ref 153. Copyright 2007 Springer

Science+Business Media.

entropy gain: TASy,0) and compresses the polymer chains
(unfavorable entropy loss: | AS,jme.), leading to the repellency
of the protein by the PEG brush (protein adsorption
entropically unfavorable). In Figure 3, protein—polymer
adsorption enthalpy is represented by the term “AH,4,”

This model implies that to successfully impart nonfouling
character, the PEG must be long polymer chains with a high
surface coverage, in other words, a densely packed surface of a
high molecular weight (M, > 2000 g/mol) grafted
polymer.**™** However, Prime showed that oligo(ethylene
glycol) (OEG) terminated SAMs of a few units presented good
antifouling properties®* and attributed that observation to the
fact that SAMs intrinsically result in surface coatings with much
greater numbers of ethylene glycol chains per unit area than
most chemical grafting methods due to improved density.
Grunze emphasized the importance of the conformation of the
OEG chain showing difference on the adsorption of fibrinogen
protein, in which helical OEG was resistant to fibrinogen
adsorption, whereas the trans conformation adsorbed fibri-
nogen.*!

Thus, different important factors play a crucial role in the
antifouling behavior of the PEGylated surfaces including
polymer grafting density®”*>** and temperature,**~* and to
date no theoretical model adequately describes their influence.
McPherson showed that the greatest contribution to the
prevention of protein adsorption by PEGylated surfaces is the
surface density of the grafted polymer and that polymer
molecular weight (M,,) (i.e., chain length) was less important.®”
A variation of the chain grafting density can affect the range and
magnitude of the protein-repellent behavior of the grafted
PEG.** It has been reported that PEG grafting density can be
influenced by inducing lowest critical solubility conditions
during grafting. Lowest critical solubility (LCS) conditions are
those at which the polymer chains take on a desolvated,
collapsed form and are therefore more capable of packing more
densely onto a surface. LCS conditions can be achieved by
altermg tem 4};erature, ionic strength, or PEG concentration.
Kingshott***” reported LCS conditions of 60 °C and 0.6 M
potassium sulfate.

A challenge in comparing reports of antifouling materials is
that experimental conditions of the antifouling experiments
vary widely. Specifically, one factor that seems to have an effect
in certain cases is the temperature at which the tests of protein
adsorption are conducted. Leckband*® showed that a grafted
PEG was unable to retain its antlfouhng propertles agalnst
streptavidin above 35 °C, whereas Norde** and Schwendel®
presented different results with bovine serum albumin (BSA)
and human blood plasma and fibrinogen, respectively. They
observed a retention of the protein resistance of the PEGylated
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surfaces at a wide range of temperatures (between 22 and 38
°C* or >0 and 85 °C™).

Different architectures of PEGylated surfaces have shown
antifouling properties: linear (brushes),***” branched (comb-
like polymers with PEGylated side chains),>®*' and hyper-
branched (dendrimer).”**® Several approaches have been used
to attach PEG on surfaces including physical adsorption,*® self-
assembled monolayers,*" grafting methods,””*’ and plasma
polymerization or immobilization.”>* The drawback of SAMs
is their reported instability due to their molecular scale
thickness compared to covalent attachment of PEG that is
permanent and leads to irreversible grafting. Two common
grafting methods, “grafting-to” and “grafting-from”, are used to
tether PEG onto a surface.”* The “grafting-to” method consists
of a coupling between a functionalized surface and polymer
chain, which limits the density of the attached polymer chain
(mushroom regime), whereas the “grafting-from” one is a
polymerization from the surface, or surface-initiated polymer-
ization (dense brush regime). Therefore, the “grafting-to”
method is more convenient for practical applications, whereas
the “grafting from” method leads to higher surface density with
better control over chain length. Plasma polymerization or
cross-linking can be also used to covalently attach PEG-like
layers on a variety of substrates such as stainless steel>> or
poly(vinylidene fluoride) membrane.>"*

The stability of PEGylated surfaces is an important
parameter for long-term antifouling applications in food
processing. Sharma® demonstrated that PEG-modified silicon
surfaces retained their protein repulsive properties after at least
4 weeks of submersion in a PBS buffer (pH 7.4) at 37 °C, in 5%
CO,. It has further been reported that PEG can undergo
oxidative degradation and form aldehydes and ethers in the
presence of oxygen and elevated temperatures. This phenom-
enon, although not widely reported, can lead to a loss in protem
repellency and may be preventable by the use of antioxidants.®

Other hydrophilic polymer coatings have been reported to
exhibit protein repellency as well, including polysacchar-
ides,*”® poly(vmyl alcohol),*%° poly(hydroxyprogyl meth-
acrylate),®" dendritic golyglycerols " and others.” Accord-
ing to Chapman,°*®” common characteristics for many
antifouling polymers include hydrophilic nature, electrical
neutrality, and hydrogen-bond acceptors (not donors). Indeed,
research suggests that for the most part, fouling is worse on
surfaces modified by polymers having terminal groups that are
hydrogen donors (e.g, hydroxyls), and fouling is less severe
when the same polymer is terminated with a non-hydrogen
donor (e.g,, methoxy termination). A notable exception is that
of OEG, in which both hydroxy- and methoxy-terminated
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ethylene glycol oligomers have been reported to resist foulin
by fibrinogen (fib) and lysozyme (lys) to a similar degree.*”

PEGylated and other hydrophilic-modified surfaces present
good antifouling properties with regard to protein repellency
and may therefore be appropriate for applications in the food
industry to reduce fouling and associated costs of frequent
cleanings. Challenges toward commercial application include
ensuring a good surface coverage as well as demonstrating the
stability of such PEGylated surfaces at temperatures typically
used in food processing. In applications where mineral, not
protein, deposits are the predominant foulant, such hydrophilic-
modified surfaces may not be sufficient.

Zwitterionic Surfaces. Previously, it has been shown that
neutral hydrophilic polymers such as PEG can be used to
prepare antifouling surfaces. However, another class of
polymers, zwitterionic polymers, also presents good protein-
repellent behavior and includes polymers incorporating
phosphorylcholine,®®*~”" sulfobetaine,”>””® or carboxybe-
taine’” ™ groups. According to IUPAC, a zwitterionic polymer
is “an ampholytic polymer in which ionic groups of opposite
sign are incorporated into the same pendant groups”.*' Several
studies comparing zwitterionic and PEG/OEG coated surfaces
have shown comparable results in their ability to reduce protein
adsorption.”””*”* Hydration of zwitterionic polymers plays an
important role in the mechanism of protein repellency; the
hydration layer generates repulsive force on the approaching
proteins. Contrary to the PEG, the water molecules are bound
electrostatically by ionic interactions, not hydrogen bonding.**

As with PEG, the protein resistance depends on the surface
grafting density and the chain length of the zwitterionic
polymers.®®**79838% Feng et al.%* reported that increasing
the graft density or the chain length of phosphorylcholine-
based surface contributes to decreased adsorption of fibrinogen
and that the graft density is a more important factor than graft
chain length for protein resistance. The influence of environ-
mental factors includin§ temperature,”>”>”” pH,”>7*#>%¢ and
ionic strength”>7>757¢7%%6 of the protein solution on the ability
of zwitterionic polymers to prevent protein fouling has been
investigated by different research teams. Chang et al.”>”* and
Cheng et al.”” have demonstrated the thermal stability of the
antifouling behavior of sulfobetaine- and carboxybetaine-
modified surfaces, respectively, from room temperature to 37
°C. In general, zwitterionic polymers impart high protein
repellency in a wide range of ionic strengths and pH values.
However, in certain cases, an increase in the amount of
adsorbed protein can be observed at low ionic strength73’75’79’86
and low pH value.””””%%%¢ The pH can affect the net charge of
both the protein and the surface and lead to electrostatic
interactions between the polymer (whether or not it is
zwitterionic) and the protein.”””*% Wu et al.*® have studied
the adsorption of BSA onto carboxybetaine, sulfobetaine, and
cationic surfaces in a phosphate buffer solution (PBS, pH ~6.9)
and an acidic solution (MES, pH~3.5). As a function of the
pH, the protein can be negatively (pH ~6.9) or positively (pH
~3.5) charged, like the carboxybetaine surface, whereas
sulfobetaine and cationic surfaces stay negatively and positively
charged, respectively. Both zwitterionic polymers show low
protein adsorption independent of changes in pH, although the
sulfobetaine surface presented a slight increase of BSA
adsorption at low pH compared to the carboxybetaine surface.
This slight increase is explained by an electrostatic attraction
between the opposite charges of the protein and the surface
that is limited by strong steric hydration repulsion forces, unlike
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the cationic surface, which exhibits strong adsorption of BSA at
pH around 6.9.

Likewise, the presence and concentration of ionic salt in the
protein solution has an electrostatic screening effect that leads
to an effective decrease of the electrostatic interactions between
the zwitterionic polymer and the protein, resulting in better
protein repellency of the zwitterionic surface.”>”>’¢ At low
ionic strength or in a salt-free environment, a slight increase of
protein adsor3ption has been observed on carboxybetaine’” and
sulfobetaine’>”® surfaces due to the absence of or weak
electrostatic screening effect of the ionic salt compared to
conditions with a higher ionic strength. Zhang et al.”’ had
shown that the length of the spacer group between the positive
and negative groups of carboxybetaine influences the
antifouling properties of the zwitterionic polymer. With long
spacer groups such as propylene or pentene, the range of ionic
strengths and pH values at which the zwitterionic polymer is
highly protein resistant decreases, particularly at low ionic
strength and low pH value.”,

Pseudozwitterionic systems have also demonstrated promis-
ing antifouling properties.””*” ™ Ampholytic systems with a
pseudozwitterionic structure are achieved by the synthesis of
mixed-charge copolymer brushes, imparting an overall charge
neutrality and resulting in overall ionic character similar to that
of a zwitterionic polymer. Such pseudozwitterionic systems
indicate that the overall charge balance is an important factor
for the protein resistance behavior of such systems.”>*%*
Chang et al.” have shown that the protein adsorption behavior
of the mixed-charge poly(TMA-co-SA)-grafted surfaces (11-
mercapto-N,N,N-trimethylammonium chloride, TMA; 11-
mercaptoundecylsulfonic acid, SA) was different from that of
a sulfobetaine-based zwitterionic polymer-grafted surface and
presents a much higher protein adsorption at low ionic
strengths.

Zwitterionic and pseudozwitterionic polymers could be used
for their antifouling properties in the food industry. However,
further research at higher temperatures and with food products
that have a more complex composition than single protein
solutions is needed to validate their possible applications in the
food industry.

B SELF-CLEANING MATERIALS

The most common approach to designing materials that
mitigate fouling by food components is to develop surfaces that
resist the initiation and attachment of fouling. An interesting
alternative is to develop so-called “self-cleaning” materials that,
once fouled, can be cleaned in situ by changing the flow rate or
other processing conditions. Below, we describe two classes of
self-cleaning materials: those that can modulate surface
chemistry as a function of some external stimulus and in turn
release foulants (i.e., stimuli-responsive polymers) and those
that are easy to clean due to their chemically and/or
topographically defined low surface energy (ie., the lotus
effect).

Stimuli-Responsive Polymers. Stimuli-responsive or
“smart” polymers are defined as polymers that undergo
dramatic physical or chemical changes in response to small
changes in environmental conditions such as temperature, pH,
ionic strength, or electrical potential.”"”* Among these “smart”
polymers, thermo-responsive polymers presenting a reversible
change of wettability induced by a temperature-dependent
conformational transition between a highly solvated, randomly
coiled form and a desolvated, collapsed form of the polymer
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chains are promising for a controlled fouling release. The
temperature at which this conformational transition occurs is
referred to as the lower critical solubility temperature (LCST),
which can be tailored by altering polymer chemistry by
copolymerization of other monomers such as poly(N-
isopropylacrylamide) (PNIPAAm) as described below. It may
be possible to exploit this particular behavior inducing a volume
change and a transition between hydrophilic and hydrophobic
state of the polymer chains to promote fouling release.”>**

One of the most studied examples of stimuli-responsive
polymers is PNIPAAm, for which this transition phenomenon
(reversible solubility changes) happens at a LCST of ~32 °C in
aqueous solution.”> PNIPAAm has been extensively studied
mainly for biomedical applications such as drug delivery
systems’' and cell culture dishes’® because of its LCST close
to physiological temperature (37 °C). Several studies have
shown its potential as a fouling release agent of different kinds
of proteins, bacteria, and cellg. 7767104

The fouling release of proteins by PNIPAAm grafted surfaces
as reported in the literature is of great interest. A general
observation is that the adsorption of proteins (e.%.,
myo lobin,'%° hemoglobin,100 cytochrome ¢, 100,105
BSA, %1919 polyclonal anti-horse ferritin antibody (anti-
Fe),'% or ﬁbrino(gen (Fg)'**'%) is greater above the LCST
than below it.'°”'%*7'% This is explained by a more
pronounced affinity of the protein to foul onto the more
hydrophobic surface exhibited above the LCST (via hydro-
phobic interactions) compared to the hydrophilic surface
exhibited below the LCST.

Just as temperatures above a polymer’s LCST may promote
protein fouling, temperatures below the LCST induce a
polymer phase transition, which can lead to a decrease in the
binding strength of proteins adsorbed onto surfaces modified
with PNIPAAm.'® It has been reported that the proteins can
detach spontaneously from the surface'®”'* upon this
temperature-induced change in surface hydrophilicity. How-
ever, if proteins have irreversibly bound to the material through
strong interactions, such temperature-induced modulations in
surface hydrophilicity may not be sufficient to cause protein
release.'” Other studies suggest that the fouling release of
adsorbed proteins can be simply performed by washing the
“smart” surface with a solution below LCST, enabling repeated
use of the self-cleaning stimuli-responsive material. Reversible
protein adsorption may depend on other factors beyond just
the conformational change of PNIPAAm, including the nature
of the protein, the method of grafting used (chemical or plasma
polymerization, grafting density, thickness), and the conditions
used to assess fouling (temperature, time, etc.). Finally, some
studies show that PNIPAAm also presents resistance to protein
adsorption even above LCST in its more hydrophobic
state;loo‘lo6 however, its effectiveness seems to depend on the
thickness of the coating.'?>'**'%”

Food-processing temperatures are typically higher than those
used to assess nonfouling character of stimuli-responsive
polymers, and the chemical nature of the foulant is typically
different from that used in the previously described work. It
would therefore be interesting to investigate PNIPAAm-grafted
surfaces in conditions closer to the ones used in the food
industry (processing temperatures, food products such as milk
and juice). Application of stimuli-responsive polymers as self-
cleaning materials in the food industry therefore remains an
emerging area of research.
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Lotus Effect. Self-cleaning due to chemically and topo-
graphically induced water repellency, also known as the “lotus
effect”, naturally occurs on lotus leaves and many other
plants.'®® What is interesting about the lotus leaf as it pertains
to self-cleaning food-processing surfaces is its unique ability to
readily remove surface contaminants by water droplets, which
pick up dirt as they slide across the surface (Figure 4).

|

Figure 4. (Left) Movement of a water droplet across debris on a
typical surface; (right) collection and removal of debris by water
droplet on a superhydrophobic surface exhibiting the lotus effect.
Reproduced with permission from ref 154. Copyright 1997 Springer
Science+Business Media.

A superhydrophobic surface (i.e., one with a contact angle
>150°) must have a low contact angle hysteresis (advancing
and receding contact angle of similar values) to be effectively
self-cleaning.'” Micro- and/or nanoscale topographical struc-
tures are typically necessary to obtain such a superhydrophobic
surface, because the combination of the hydrophobic material
chemistry with air entrapped between these structures results in
greater hydrophobicity than the native, planar material.
Consequently, hydrophobic surfaces (i.e., those with a contact
angle >90°) can become superhydrophobic by the introduction
of such roughness. For example, a smooth polysiloxane surface
exhibits a contact angle of 75°, whereas the contact angle on
rough polysiloxane surface is 169°."*° In the case of lotus leaves,
an alteration of the surface structure by removing nanoscale
hair-like features while keeping the chemical composition
unchanged leads to the loss of its self-cleaning property:'"" the
contact angle decreases from 142° to 126° after removal of the
nanoscale hairs. The lotus effect has been reproduced on
artificial superhydrophobic surfaces."'>™"'* In the literature, a
wide variety of techniques''>''® have been used to generate
superhydrophobic surfaces involving chemical and/or physical
methods such as lithography,''>''® the use of a template,'"”
and sol—gel''® methods. Adaptation of conventional lithog-
raphy techniques to larger surface areas via roll-to-roll
processing or block-copolymer templating would enable the
potential for commercial adaptation of such lotus effect
surfaces. Indeed, such superhydrophobic surfaces would have
great potential if applied to food-processing surfaces because
self-cleaning properties would enable rapid and facile cleaning
of fouled surfaces.''”!'*!®

Under static conditions, superhydrophobic surfaces have
been reported to reduce the occurrence of marine biofouling.'"°
However, Zhang et al''® reported that superhydrophobic
materials can lose antifouling properties after long-term
immersion in seawater. This phenomenon was explained as

dx.doi.org/10.1021/jf204741p | J. Agric. Food Chem. 2012, 60, 2943—2957



Journal of Agricultural and Food Chemistry

Table 1. Examples of Structures of Precursors or Polymers of Amphiphilic Materials Studied for Their Antifouling and/or

Fouling-Release Behaviors

Structure or precursor of amphiphilic copolymer /network : Anti-fouling and/or fouling-release | Ref.
properties tested with:
1 Q H H Ulva s.pores/sporelings 136
Hzcﬁ)J\o/\/N\H/OVCF2‘0+CFzCFZO‘);(CFzO‘):CFz\/O\n/N\/\O CH, Juvenile barnacles
CH, e} 0 CH,
Perfluoropolyether-dimethacrylate (PFPE-DMA)
o) o] CH,
Hzcwo/\,):OCH3 Hzc})‘\fo/\’)joj(gcm
CH, CH, o)
poly(ethylene glycol) monomethacrylate (PEG-MA)  poly(ethylene glycol) dimethacrylate (PEG-DMA)
2 Human Serum albumin (HSA 12
= O\/\é H C’(’O\/\)\O/CH3 Fibrinogen (HSA)
H ZC/\ﬂ/ CF3}>-CF, A 2 g
o]
1H, 1H,2H, 2H-perfluorodecyl acrylate, PFDA Diethyleneglycol dimethyl ether, DEGDME
3 HO Ulva spores/sporelings 137
S c|> Cells of the diatom Navicula
[}
4 BSA 12
369 43
o}
0 ot ™% error b F o350 -3
polystyrene-block-poly(ethoxylated fluoroalkyl acrylate), PS-b-PAA-AMP
5 Bovine serum albumin (BSA), a 139
lectin protein from Codium
fragile (CFL) and
lipopolysaccharides from
Escherichia coli (LPSE)
Barnacle larvae
(o]
CH,
poly[poly(ethylene glycol)methyl ether methacrylate]-block-poly(2,3,4,5,6-pentafluorostyrene),
(P(PEGMA)-b-PPES
6 HQ HQ Ulva spores/sporelings 1%
Cells of the diatom Navicula
0 0
10
12
CF, °\
‘/’10 CH,
F
7 R,0 Ulva spores/sporelings 9
Cells of the diatom Navicula
OR,
R},R; = H or -CH,CH(OCH,CH,),(CF,CF,),F with x =0-13 and y = 1-5.
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Table 1. continued

Structure or precursor of amphiphilic copolymer /network : Anti-fouling and/or fouling-release | Ref.
properties tested with:
8 Cells of the diatom Nitzschia | ™
. ~. Bacteria Staphylococcus aureus
m and Escherichia coli
o
0 >:o
\§( F,C-CF
\
he
3 F,C
o \
CF-CF,
7
o
\
CF
FC,
CF,
* m
9 . BSA, Cytochrome C and | '
ne Myoglobin
o o}
HO\H) K
e}
Poly(3-alkoxy-5-carboxylstyrene), C2 (ethoxy)
10 Ulva linza spores/sporelings tat
n m Cells of the diatom Navicula
perminuta
e}
o o/(/\/ McFQ—CF;)TF
block copolymers of polystyrene, S, and polystyrene carrying an amphiphilic polyoxyethylene-
polytetrafluorocthylenc chain side-group,Sz
SnSzm
11 Ulva spores/sporelings 2
; Cells of the diatom Navicula
o/\/(/o\/\)?eCFQ—CFﬁy—F
polystyrene-block-poly(ethoxylated fluoroalkyl acrylate)
12 ] BSA 2
* m n
O O
i? 0O
OH CiFy7
Random copolymer of 2-hydroxyethylmethacrylate (HEMA) and perfluorodecylacrylate (PFA), PHEMA-~-PFA
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Table 1. continued
Structure or precursor of amphiphilic copolymer /network : Anti-fouling and/or fouling-release | Ref.
properties tested with:
13 o BSA, lectin from Codium fragile [
{ }: s (CFL), lipopolysaccharides from
J° ¢ - Escherichia coli (LPSE) and
b ; Cqﬁ Salmonella minnesota (LPSS)
1S (o, e 2 .
, ‘;Q" ey {;ﬁ: = . Ulva spores/sporelings
. %}o , AP S
D o o™ F roo
ot 0y T g
. el Rl 3 e ot
z LYY 0, e F
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g i i, R DS
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F. ‘:g e J I‘;}‘ ‘/f
Wyl oy .
HN\'
5
L
= a e
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Reproduced with permission from'”’
the disappearance of the air bubble layer due to pressure, B “AMBIGUOUS” SURFACES: AMPHIPHILIC

organisms that displace the air, or the attachment of a
conditioning layer of macromolecules that change the surface
chemistry.

The water repellency of superhydrophobic surfaces prevents
the penetration of protein solutions into the topographically
defined air bubbles and can therefore limit the amount of
protein adsorption. However, protein can act as a surfactant,
allowing the protein solution to penetrate farther into the
surface topography, leading to a greater surface area for protein
adsorption.""®*"* Furthermore, it is known that hydrophobic
interactions play a dominant role in surface—protein
interactions. Therefore, the contact angle of a droplet of
protein solution on a topographically defined material likely
exists somewhere between Wenzel’s state (in which liquids
penetrate the topographically defined structures) and Cassie’s
state (in which air bubbles dominate the gaps between
topographically defined structures).'””® The presence of
proteins in food products for which fouling is a concern
presents a challenge in leveraging the lotus effect for food-
processing surface design; however, the same challenge is
present in biomedical'*"'** and marine biofouling''®'*¥'**
applications for which the lotus effect is of great research
interest and has shown promise.

An interesting characteristic of the lotus effect is its behavior
under shear stress. Koc et al.'"® have studied the adsorption of
BSA on superhydrophobic surfaces with roughness of various
length scales (micro- and nanoscale) under static and shear
flow conditions. Under static conditions, BSA adsorption was
not reduced by using superhydrophobic surfaces compared to
flat surfaces. However, under shear flow conditions, the
adsorbed protein is almost completely removed from the
superhydrophobic surfaces. The ability to readily remove
foulant (such as adsorbed protein) by application of increased
shear, which can be achieved by increasing fluid flow rate in a
pipe or spraying a work table with a water hose, has great
potential interest for the food industry. However, under-
standing the stability of this kind of surface under a continuous
flow shear as well as the effectiveness of such materials after
accumulation of contaminants is an area in need of research.

2950

MATERIALS

It has been demonstrated that hydrophobic coatings based on a
polymer presenting a low surface energy and a low Young’s
modulus such as poly(dimethylsiloxane) (PDMS)'** exhibit
good fouling-release performances. On the other hand,
hydrophilic surfaces based on PEG presented previously in
this review have often been reported to resist protein
adsorption. The development of new materials combining
antifouling and fouling-release properties is of great interest and
has led to the synthesis of amphiphilic coatings that are
“ambiguous” surfaces including both hydrophobic (low surface
energy) and hydrophilic components. Such amphiphilic
materials have shown their ability to resist the adsorption of
a variety of proteins’**""** and to facilitate the removal of
}rﬁilclgc)xg alrggs_nf:1 in marine applications (e.g, fouling of ship

Table 1 presents a summary of reported amphiphilic
polymers for which antifouling and/or fouling-release proper-
ties have been tested. Different polymeric amphiphilic
structures have been reported in the literature including
homopolymer,”® network,'>*713%13% random,'®' di-
block,*#1# 14141 o1 triblock'*™"*® copolymers. The amphi-
philic character can be given by the presence of hydrophobic
and hydrophilic monomer units in the copoly-

127,129,131,135,137,139 L .

mer, or amphiphilic side chains on the
polymer backbone.'?¥!3¢138140141 The hydrophobic part of
amphiphilic materials is mostly fluorinated groups such as
perfluoroalkyl. However, long perfluoroalkyl chains can degrade
and lead to the formation perfluoroalkyl acids (PFAA), which
have been demonstrated to have toxicological effects."**'** For
an application of amphiphilic coating in the food industry, it is
of great importance to identify alternatives to long hydrophobic
perfluoroalkyl moieties such as nontoxic fluorinated or alkyl
segments. In the literature, there are few examples of fluorine-
free hydrophobic components such as alkyl groups'>®'*® in
amphiphilic materials.

Several studies'**'?"133713714% have demonstrated the
importance of an appropriate ratio between hydrophobic and
hydrophilic parts to optimize the antifouling and/or fouling-
release properties of amphiphilic materials. By varying the
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composition of amphiphilic polymers, it has been established,
for example, that PFPE/PEG-MA networks (Table 1, 1) with
PEG content of 10% by weight,'"”> HBFP/PEG networks
(Table 1, 13) with PEG content of 45% by weight,"*> random
copolymer PHEMA-r-PFA (Table 1, 12) with PFA content of
40% in mole,"*" and poly(3-alkoxy-5-carboxylstyrene) (Table 1,
12) with the alkoxy function corresponding to an ethoxy'*
displayed optimal antifouling and/or fouling-release perform-
ances against microorganisms and/or proteins tested (Table 1).

Young’s modulus has been reported to have an influence on
fouling-release properties as well, as studied by Chaudhury et
al.'””® and Weiman et al."*® This work reported a two-layer
coating composed of a polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene (SEBS) bottom layer and a triblock
copolymer with grafted ethoxylated fluoroalkyl amphiphilic side
chains (Table 1, 7) top layer by using SEBS with two different
Young’s moduli (18 + 0.3 and 1.2 + 0.3 MPa). No significant
difference in the density of settled Ulva spores was observed
between the amphiphilic coatings on low- and high-modulus
SEBS. However, whereas both amphiphilic coatings presented a
high fouling release of sporelings, a lower impact pressure was
needed to remove a higher percentage of sporelings from
amphiphilic coating on the low-modulus SEBS. Manipulation of
rheological properties of fouling-release coatings is a unique
approach to improving the design of nonfouling materials for
food industry applications.

The chemical incompatibility between hydrophobic and
hydrophilic moieties can result in the directed formation of
nano- or microdomains due to phase segregation, leading to
complex topography of amphiphilic coatings. Well-defined
morphologies have been observed as a function of the specific
composition of the copolymer. For example, Martinelli et al."*’
synthesized block copolymers of polystyrene and polystyrene
carrying an amphiphilic polyoxyethylene—polytetrafluoroethy-
lene side chain (Table 1, 10), which presented a morphology
with spherical (diameter of ~20 nm) or lying-down cylindrical
(periodicity of 24—29 nm) domains. Cylindrical domains were
also observed by Cho et al.'*® and Weinman et al."*® for a
triblock copolymer with grafted amphiphilic side chains
composed of PEG and hydrocarbon moieties (Table 1, 3)
and a block copolymer polystyrene-block-poly(ethoxylated
fluoroalkyl acrylate) (PS-b-PAA-AMP) (Table 1, 4), respec-
tively. Gan et al'** demonstrated that the size of phase-
segregated surface domains of hyperbranched fluoropolymers
(HBFP) cross-linked with PEG became smaller from the
micro- to nanoscale as the coating thickness or the content of
PEG decreased.

It has also been suggested that the length scale of the phase-
segregated surface domains may disrupt the settlement of
microorganisms and the adsorption of proteins. Using photo-
lithography on silicon wafers, Finlay et al.'** have designed
patterned square surfaces alternating PEGylated and fluorinated
stripes of the same width varying between 2 and 500 ym on
either a PEG or fluorinated background. That is, the entire
wafer was functionalized with either PEG or fluorinated surface
chemistry onto which squares of alternating stripes were
patterned covering 18% of the total wafer surface area. Their
work demonstrated that Ulva spores could be effectively
“confused” by amphiphilic surfaces presenting both hydro-
phobic and hydrophilic domains, thus diminishing spore
settlement. The nature of the background and the width of
the domains within each patterned square were shown to have
an effect on the density of settled spores. In most cases,
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fluorinated domains within patterned squares on a PEG wafer
background exhibited a higher density of settled spores in
comparison to fluorinated domains within patterned squares on
a fluorinated wafer background. At a critical dimension (stripes
<20 pum) the Ulva spores avoided settlement on either of the
regions, apparently unable to differentiate them, considering
the patterned surface as pure PEG. Whereas spore settlement
was disrupted by alternating domains of hydrophobic and
hydrophilic character, this surface modification may not be
suitable for protein repellency. Although protein resistance of
the patterned surface was not thoroughly investigated, it is
likely that the length scale that disrupts the settlement of Ulva
spores is too large to have an impact on the adsorption of
proteins. Indeed, fluorescent BSA was visibly adsorbed on the 2
um fluorinated stripes on PEG background, the same surface
chemistry that disrupted the settlement of Ulva spores. It was
observed that BSA nevertheless adsorbed on the hydrophobic
stripes on a PEG background. Such an approach may therefore
be more suitable for preventing microorganism attachment and
less suitable for strict protein repellency. However, it could be
interesting to pursue research investigating alternating domains
of nano dimensions, more in the range of protein hydro-
dynamic radii, to adapt such technologies to both micro-
organism and protein repellency. Block copolymers can self-
organize by phase se%regation to create nanoscale chemical
patterns on surfaces. ' 7147 Indeed, nanopatterned surfaces
created by such self-organizing block copolymers could be a
promising approach for the development of food nonfouling
surfaces because of the relative ease of application compared to
lithographically defined patterns.

The behavior of amphiphilic coatings in aqueous solutions is
of critical importance to their industrial application, be it food,
medical, or marine. When exposed to water, amphiphilic
coatings under§o surface reorganiza-
tion 27129131133, 135138, 40,141, 147,148y e Ol
face, leading to high water contact angle hysteresis. Hydro-
phobic segments are preferentially oriented at the polymer—air
interface because of their low surface energy, but when the
surface exposed to an aqueous solution, restructuring occurs in
which the higher surface energy hydrophilic segments orient
toward the polymer—water interface. As such, the topography
and the morpholo§y of amphiphilic coatings change after
exposure to water.'*'3%** This phenomenon is reversible'””
when the surface dries. Krishnan et al.'"*' observed a two-phase
reconstruction of the block copolymer polystyrene-block-
poly(ethoxylated fluoroalkyl acrylate) after water exposure:
initially, the surface becomes more hydrophilic by flipping of
the amphiphilic side chains (Figure S), and over a period of
days, the polystyrene block migrates to the bulk of the film
away from the surface.

Amphiphilic coatings can suffer from delamination under
thermal and mechanical stresses or prolonged submersion in an
aqueous environment, which can be a potential limitation for a
food-processing application. Different strategies have been
investigated to minimize or avoid delamination of coatings
from the base material. Wang et al."** functionalized a glass
substrate with N-(3-(trimethoxysilyl)propyl)acrylamide
(TSPA). The silane functionality enabled covalent bonding to
the glass, whereas the acrylamide functionality was available to
copolymerize with the methacrylate functions of PFPE-DMA
and PEG-MA or PEG-DMA, leading to a covalent bonding of
PFPE/PEG films to the substrate (Figure 6a). Krishnan and
others'3*713%140141 yeed a two-layer approach (Figure 6b) with
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(b)

?“ {r“ ﬁ,&@

Figure S. Proposed surface reorientation of block copolymer
polystyrene-block-poly(ethoxylated fluoroalkyl acrylate) by flipping of
the ampbhiphilic side chains when the surface is exposed from (left) air
to (right) water. Reproduced from ref 141. Copyright 2006 American
Chemical Society.

first a bottom layer covalently attached to the GPS-
functionalized glass substrate ((3-glycidoxypropyl)-
trimethylsilane, GPS) via the reaction of the epoxy groups of
the GPS with the maleic anhydride (MA) groups of the SEBS—
MA and second the amphiphilic top layer anchored to the
bottom layer via an annealing process of the polystyrene
domains present in the amphiphilic copolymer and the SEBS at
the interface of the two layers. The use of plasma polymer-
ization can also overcome the problem of delamination as the
obtained polymer is covalently bond to the substrate (e.g,
PEDA-co-DEGDME'?’). Continued research is needed to

demonstrate the successfulness of such strategies to mitigate
delamination of nonfouling (amphiphilic and others) coatings
in conditions typical of a food-processing plant (e.g., thermal
extremes, mechanical abrasion, exposure to cleaners, and
sanitizers).

Bohringer et al."**">° have developed an amphiphilic surface
that has topographically defined hydrophobic pillars with PEG
domains at the top of the pillars. Despite the fact that the
water—material interface occurs on the hydrophilic PEG
regions (water contact angle of 32°), the pillar structure and
associated air pockets impart overall hydrophobicity with a
water contact angle of 137° (in Cassie’s state). Kim et al.'*'
tested the adsorption of three different proteins (i.e., albumin
(BSA), fibronectin (FN), and immunoglobulin (IgG)) on
nanostructures of PEG pillars having a contact angle of 95° and
observed that more proteins adsorbed onto the nanostructured
PEG pillars than on bare PEG and that the proteins
preferentially adsorbed on the tops of the pillars compared to
the valleys. Topographically and chemically amphiphilic
materials such as these represent a novel approach toward
the design of nonfouling and, in particular, fouling-release
materials.

B CONCLUSIONS AND PERSPECTIVES

Advances in the design of nonfouling and fouling-release (aka
self-cleaning) materials in biomedical and marine applications
have paved the way for potential adaptation to preventing
fouling in food processing. For application in the food industry,
not only will the nonfouling and/or self-cleaning materials need
appropriate food-contact approval status, but their mode of
application will need to be economically practical. For example,
biomimetic lotus-effect materials are often developed on the
laboratory scale using conventional lithography techniques,

(@)

PFPE/PEG film

TSPA-functionalized
glass surface

(b)
SABC layer

Interface welding
by PS domains

MA-grafted SEBS

GPS functionalized
plass surface

Figure 6. Schematic of attachment of amphiphilic coatings: (a) one-layer approach (adapted from ref 135; copyright 2011 American Chemical
Society); (b) two-layer approach (reproduced from ref 155; copyright 2006 American Chemical Society).
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which require the use of a cleanroom. Adaptation of
nanoimprint lithography for roll-to-roll processing of larger
scale materials supports such commercial applicability,'>* as
does the development of block copolymers, which can be
applied across a large surface area to %enerate the desired
surface chemistry and/or topography,'>®!#%1367138,140,141

A challenge to identifying nonfouling coatings or surfaces for
application in the food industry is that assessments for
nonfouling materials are typically carried out using proteins
and conditions less relevant to food processing. There remains
a research need for demonstrating the performance of novel
nonfouling and self-cleaning materials under conditions
relevant in a food-processing environment. Specifically,
materials are often evaluated using buffered solutions of a
single fouling components (e.g, BSA in phosphate buffer). The
effectiveness in the presence of complex food matrices,
temperatures, and shear stresses typical in food processing
will help to elucidate which materials show most promise for
potential application in the food industry.

Whereas the focus of this review has been on food
processing, there is potential application for nonfouling and
self-cleaning materials in a range of food-contact material
applications, including on the farm (dairy parlors, slaughter-
houses), in the field (picking buckets, washing sinks, and
packing tables), and in non-food-contact materials (conveyors,
forklifts, air-handling systems). Improving cleanliness and
sanitation of such food-contact as well as non-food-contact
materials by the development of nonfouling and self-cleaning
materials will help to support current Good Manufacturing
Practices in maintaining a safe and high-quality food supply.
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