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Fluorinated materials play an essential role in modern industry and technology, and their importance is expected to grow even
more in the near future. Unfortunately, their practical application often requires dispersion by means of fluorinated surfactants,
which raised huge environmental and toxicity concerns due to their long-lasting persistence in the environment and high
tendency to accumulate in animals and humans. A greener and more sustainable strategy towards the replacement of synthetic
fluorosurfactants is offered by the use of amphiphiles of biological origin. Among them, phospholipids have been the most
widely exploited as emulsifiers of fluorous compounds. Some interesting examples were also reported using amphiphilic
proteins, in particular fungal hydrophobins, as biosurfactants and coating agents for fluorinated substrates. This perspective
offers an overview of the main natural surfactants currently used in fluorine chemistry, focusing in particular on two main
application areas: (i) fluorous oil-in-water emulsions and gas microbubbles for biomedical imaging and drug delivery, and (ii)
coating and functionalization of solid fluorinated surfaces.
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1. Introduction

Fluorine chemistry has become essential for many aspects of
modern day life, so that related industry and technology are
expected to further increase in the next years with an esti-mated
annual growth rate comprised between 2 and 4% for different
specialties." Indeed, several fluorocompounds -including
polymers, surfactants and surface coating agents —

are widely exploited to enhance the functionality and dura-
bility of aircrafts, automobiles, buildings and electronics,
thanks to their unmatched thermal and chemical stabilities,
unique dielectric properties, and water and oil repellency.’
Fluoropolymers, for example, find widespread use in automo-
tive applications thanks to their exceptional resistance to fuels,
lubricants, high temperatures and aggressive chemicals, as
well as to their low coefficients of friction and non-wetting sur-
faces.” Furthermore, these polymers can greatly enhance the
properties of coatings used in modern industrial, household,
and construction products, particularly in terms of chemical,
UV, moisture, and dirt resistance. Fluorinated coatings find
applications also in electronics, optics, polishes, inks, textiles,
and adhesives." One of the most common classes of fluoro-
chemicals is that of fluorinated surfactants (F-surfactants),
amphiphilic molecules containing both a hydrophilic and a
fluorophilic moiety.” These surface-active compounds allow
the stabilization of various colloidal systems, including
different types of emulsions and vesicles, and improvement of
the solubility of poorly water-soluble materials thanks to their
excellent performance as emulsifying, dispersing, foaming,
wetting, cleansing, and phase separating agents. For these
fluorosurfactants find several applications in
polymer, food, cosmetic and pharmaceutical industries.
Among them, perfluorooctanoic acid (PFOA) and perfluoro-
octanesulfonic acid (PFOS) have been for years the most exten-
sively produced and used (Chart 1).

Unfortunately, a series of environmental and toxicity
studies raised huge concern about their use, since both PFOA
and PFOS were shown to degrade slowly under environmental
conditions.” Due to their persistence in the environment,
these man-made perfluorinated derivatives tend to accumulate
in cells and were found in animal and human tissues almost
everywhere. A series of toxicity studies performed on animals
suggested that long-chain linear perfluoroalkyl derivatives con-
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Chart 1 Chemical structures of perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS).

taining more than six CF, units (like PFOA and PFOS) may
induce serious toxic and endocrine disrupting effects.® Due to
their long-lasting persistence, worldwide distribution, high
tendency to bioaccumulate, and suspected toxicity, PFOS and
its salts were thus listed as persistent organic pollutants under
the Stockholm Convention.” Furthermore, in 2006 the US
Environmental Protection Agency (EPA), in collaboration with
the eight major companies in the fluorochemical industry,
launched a Stewardship Program to commit to working
towards the elimination of PFOA and its derivatives from emis-
sions and products by 2015.% Given the increasing need for
fluorinated products in everyday life and industry on the one
hand, and their potential for danger for the environment and
animal species on the other, a key target is thus to reach a
compromise between these two crucial issues, establishing a
route towards a more sustainable fluorine chemistry.® Several
world-leading companies (e.g., Daikin, DuPont, 3M/Dyneon
and Solvay Solexis) have met the EPA program’s intermediate
goal of a 95% reduction in global emissions and product
content by 2010, and are actively searching for more sustain-
able F-surfactants.

It would be highly desirable, for example, to design environ-
mentally sustainable fluoropolymers that are able to form poly-
meric films or coatings from an aqueous phase without the
need for fluorinated dispersing agents. Unfortunately, their
very low water solubility and surface tension require the use of
surfactants or other forms of surface modification. The use of
F-surfactants to stabilize colloidal dispersions is still wide-
spread, in spite of the related significant environmental con-
cerns. The first, more immediate, approach adopted to face
concerns over the environmental impact of long-chain per-
fluoroalkyl acids (PFAAs) was their substitution with alterna-
tive, but structurally similar, fluorinated substances. The main
companies active in the fields of the fluoropolymer industry
and textile treatment developed several alternative compounds
having shorter perfluorinated groups (typically shifting from
Cg to C,4 perfluorinated chains) or “weak” degradable points,
like methylene or ether groups. Unfortunately, such fluori-
nated alternatives, particularly short-chain PFAAs and perfluoro-
ether-carboxylic and sulfonic acids, are less performing from
a technical point of view, possess high environmental stability
and mobility, and may still have a contamination potential.’
Global Warming Potential (GWP) values relative to CO, for Cs
and C, perfluoroalkanes, for example, are quite similar to
those of longer-chain PFCs, reaching values higher than
10 000 on a 500-year time horizon.'® In addition to that, some
of these fluorinated alternatives were identified as possibly



toxic for animals and humans, although a deep knowledge
about the real risks posed by them is currently lacking.''
A greener, effective, and long-term more sustainable strategy
towards the elimination of chemically synthesized
F-surfactants is their replacement with natural amphiphilic
compounds produced by a variety of microorganisms, such as
bacteria, yeasts, and fungi.’®"? Surfactants of biological origin
show unique properties in terms of low toxicity, specific
activity even under extreme conditions, and biodegradability.
They include low molecular weight compounds (like lipopep-
tides or glycolipids) and high molecular weight polymers
(e.g., proteins). Up to now, phospholipids have been the most
extensively studied biosurfactants for applications in fluorine
chemistry. Many research efforts focused in particular on the
use of egg yolk phospholipids (EYP), a natural mixture of phos-
pholipids derived from chicken hen’s eggs composed mainly
of phosphatidylcholine and phosphatidylethanolamine plus a
significant percentage of unsaturated acyl chain species.
Several naturally occurring proteins are already used as
foaming agents and surfactants in food processing, cosmetics
and pharmaceuticals. In the biomedical field, biocompatible
and microbe-resistant protein foams would be highly advan-
tageous for tissue regeneration, directed cell growth, and
coating of surgical implants. Most of these applications are
strictly related to fluorine chemistry. Indeed, fluorine plays a
paramount role in medicinal chemistry and drug design not
only as evidenced in the fast-growing number of fluorinated
drugs (representing about 60% of the top-selling pharmaceuti-
cals), but also in the development of better health care pro-
ducts, such as bioinert and non-fouling surgical implants,
catheters, stents and needles.'* In the past years, a significant
number of studies appeared in the literature that exploited the
amphiphilic properties of hydrophobins (HFBs), a family of
low molecular weight (7-15 kDa), highly surface active and
film-forming proteins produced by filamentous fungi.'> HFBs
usually comprise about 100 amino acids and always contain
four disulfide bridges in the protein core, which confer
remarkable stability to their structure. Their unique amphi-
philic behaviour is due to the presence on their surface of a
discrete portion fully composed of amino acids with hydro-
phobic side chains, the so-called ‘hydrophobic patch’.*® This
structural feature drives the spontaneous self-assembly of
HFBs into strong and elastic films at both air/water and hydro-
phobic/hydrophilic interfaces, promoting their successful
exploitation as novel biosurfactants, coating and adhesion
agents, as well as surface modifiers."”'® HFBs are classified
into two groups, according to the different clustering modes of
hydrophobic and hydrophilic residues in their structure. Class
I HFBs (e.g., SC3, Vmh2, and HGFI) tend to form poorly water-
soluble aggregates, whereas Class II HFBs like HFBI and HFBII
self-assemble into structures which are more soluble in
aqueous media. At interfaces, Class II HFBs form significantly
elastic monolayers, while Class I proteins usually lead to multi-
layers.”®° The addition of low concentrations of hydropho-
bins to food foams, for example, is known to increase their
stability.> Upon assembly at aqueous/fluorous interfaces,

hydrophobins rapidly reduce the interface tension by typically
15-20 mN m™". This feature, together with the peculiar ability
of HFBs to form strong interfacial films, makes them poten-
tially more advantageous than other biosurfactants for solubil-
izing fluorous phases in aqueous environments.

Here we will present an overview of the natural surfactants
most commonly used for filming or dispersing fluorinated
substrates. Papers reported in the literature will be classified
into two main areas, according to the type of pursued appli-
cation. First, we will focus on the stabilization of fluorous oil-
in-water (o/w) emulsions and gas microbubbles for biomedical
purposes and drug delivery. In the following section, we will
highlight examples of coating, modification, and functionali-
zation of solid fluorinated surfaces by means of biosurfactants
and their derivatives.

2. Biomedical imaging and drug
delivery applications

Fluorocarbon-based formulations have been employed in
injectable microbubble contrast agents and emulsions for
oxygen delivery, drug delivery, targeted therapeutics, and mole-
cular imaging applications. Their actual effectiveness and
safety depend on several factors, such as easy availability, low
cost, lack of toxicity, easy handling and storage, stability over
time, and compatibility with all blood types.

2.1. Echogenic gas microbubbles for ultrasound imaging

Colloidal bubbles (commonly called ‘microbubbles’) are highly
effective contrast agents for ultrasound diagnostics, especially
for the detection and treatment of cardiovascular diseases. All
the commercially available microbubbles have a diameter
usually smaller than 10 pm and contain a fluorinated gas
inner core, which provides osmotic stabilization and contrib-
utes to interfacial tension reduction. Thanks to their low solu-
bility in aqueous media (if compared to air, oxygen or nitro-
gen), fluorinated gases dissolve more slowly, and thus afford
longer lived microbubbles.?” Their gas core can resonate when
exposed to ultrasounds, making them useful contrast agents
for ultrasound (molecular) imaging, or targeted drug and gene
delivery. Obviously gas bubbles of this size are not soluble in
aqueous media, due to surface tension effects. For this reason
they require a stabilizing shell, usually made of one or more
surfactants (including lipids, proteins, and polymers). The
ultrasonic behavior of microbubbles depends on their size and
on the type of encapsulated gas, but also on the composition
of their outer shell. In general, a more elastic shell is more
easily compressed by ultrasounds and will resonate better. On
the other hand, excessively rigid shells are more prone to
rupture if subjected to insonication.”® Lipids provide highly
echogenic bubbles with 3 nm average thickness shells, which
rapidly break in ultrasound fields, but can reseal afterwards.
Lipid-based microbubbles originate from the self-assembly of
phospholipids at the gas-water interface into a monolayer
held together by weak hydrophobic and van der Waals inter-
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actions. This thin monolayer makes them highly responsive to
ultrasounds, which can be beneficial for both molecular
imaging and drug or gene delivery.>* Protein shells usually
have 15-20 nm thickness. The resulting microbubbles are
characterized by medium stability and high echogenicity, but
are unable to reseal after rupture. These formulations com-
monly use albumin proteins.>* Some papers, however, showed
that other proteins, such as lysozyme and avidin, may work as
well, at least with air bubble formulations.?**® The incorpor-
ation of other bioactive proteins or plasmid DNA into
albumin-based microbubbles can potentially improve their
functionality, and thus significantly boost their biomedical
importance.>* Both these families of amphiphilic bio-
molecules afford a much better echogenic performance than
synthetic polymers, whose thicker shells (100-200 nm) are
more resistant to compression and expansion, but do not
reseal after rupture and tend to dampen ultrasonic waves, thus
reducing echogenicity.>* Table 1 offers an overview of the cur-
rently approved, or in clinical trial, microbubble-based ultra-
sound contrast agents stabilized by natural surfactants, either
polymeric (proteins) or molecular ones (phospholipids).
Among protein-coated bubbles it is worth to mention
Optison®, an albumin-based formulation encapsulating per-
fluoropropane gas which was approved by the US FDA for con-
trast echocardiography.”” A higher number of lipid-shell
microbubbles, such as Definity®, Sonovue® and Sonazoid®,
were developed for biomedical imaging, thanks to their better
performance.*®*° This last one, in particular, is stabilized by
an anionic phospholipid (phosphatidylserine) that accumu-
lates in macrophages and is thus useful for liver imaging
(Fig. 1).

Specific targeting agents were also added to the phospho-
lipid layer, as in the case of BR-55®, which contains also a
lipopeptide targeted to the receptor for vascular growth
factor.>® DNA- and RNA-targeted cationic microbubbles for
gene delivery were obtained by the incorporation of cationic
lipids into the stabilizing shell, in order to establish electro-
static interactions with negatively charged nucleic acids.
Furthermore, the incorporation of lipids bearing polyethyl-
eneglycol (PEG) into the lipid shell prevents the binding of
microbubbles to serum proteins and the subsequent shorten-
ing of their serum half-life.”*

In the past years, great advances were achieved in both
preparation procedures and investigation methods, allowing
an improved control on microbubble formation, stability,

Fig. 1 Structure of a Sonazoid® microsphere, with the perfluorobutane
core stabilized by a 2—3 nm thick monolayer of egg phosphatidylserine
(reproduced from ref. 30 with permission from Elsevier).

structure and properties.>®> Nguyen et al. studied the adsorp-
tion dynamics of a series of phosphatidylcholines at the inter-
face between an aqueous lipid solution or dispersion, and air
saturated with perfluorohexane gas, by means of bubble
profile analysis tensiometry.** With all the selected phospho-
lipids (namely, the dioctanoyl-, dilauryl-, dimyristoyl-, and dipal-
mitoyl-substituted phosphatidylcholines), perfluorohexane had
a strong effect on both their adsorption rate and equilibrium
interfacial tension (yeq).

At all the concentrations investigated, y.q values were sig-
nificantly lower (up to 10 mN m™') compared to those
obtained using pure air as the gas phase. In addition to that,
all the phospholipid adsorption rates at the interface were up
to fivefold higher when perfluorohexane was present. Both the
surface tension reduction and the adsorption rate increase
confirmed the strong interaction between the perfluorinated
gas and the lipid monolayer, forming a mixed interfacial layer
where the fluorocarbon acts as a co-surfactant.

Interestingly, a similar effect was very recently observed also
when using the hydrophobin HFBII as a shell component.®®
Using perfluorohexane gas, size-controlled echogenic spherical
microbubbles were obtained, which proved to be stable in
mean diameter and size distribution for at least two months at
25 °C. From a biomedical perspective this achievement shows
the potential of HFBs as shell components in microbubble-
based ultrasound imaging, and may be particularly relevant
considering that both HFBII and gaseous perfluorohexane are
expected to be biologically inert.

Table 1 Core and shell composition, and possible applications of the main fluorinated microbubble contrast agents for ultrasound imaging based

on natural surfactants

Product Gas core Surfactant shell Applications Ref.
Optison Perfluoropropane (C;3Fg) Human serum albumin Ultrasound imaging of endocardial borders 27
Definity Perfluoropropane (C;Fg) Phospholipids Echocardiography 28
Sonovue Sulfur hexafluoride (SFe) Phospholipids Imaging of blood vessels, breast, liver 29
Sonazoid Perfluorobutane (C,Fy) Egg phosphatidylserine Detection of breast and liver lesions 30
BR-14 Perfluorobutane (C,F;) Phospholipids Transcranial harmonic imaging 31
BR-55 Perfluorobutane (C,Fy) Phospholipids, VEGFR,-targeting lipopeptide Early detection of human tumors 32
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Recently, also nanoscale echogenic bubbles were developed
as ultrasound contrast agents. Their smaller size allows them
to extravasate from vessels to tissues, in contrast to microsized
bubbles (MBs). However, further optimization and toxicity
assessment are still required before clinical application.>®

A small particle size is a basic requirement for ultrasound
contrast agents to penetrate tumor blood vessel pores and
allow targeted imaging and therapy. However, nanoscale-sized
particles usually weaken the imaging ability of clinical diagnos-
tic ultrasounds. In 2012, using a thin-film hydration-sonication
method, Yin et al. prepared small lipid-coated perfluoropropane
nanobubbles with in vitro ultrasound imaging performance
similar to that of microbubbles.’” The phospholipids used in
this paper included 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPCQ), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[bio-
tinyl( polyethylene glycol)2000] (PEG2000-DSPE) and 1,2-dipal-
mitoyl-sn-glycero-3-phosphate (DPPA).

Liquid core nanodroplets containing condensed low boiling
point PFCs (e.g.) stabilized by lipid shells were vaporized at
clinically relevant acoustic energies and have been hypo-
thesized as an alternative ultrasound contrast agent instead of
gas-core agents.’® The targeted transthoracic acoustic acti-
vation of such intravenously infused nanodroplets was
effective, resulting in echogenic and persistent microbubbles
which provided the real-time visualization of perfusion
defects.

Such phase-change contrast agents (PCCAs) behave as ultra-
sonically activatable nanoparticles (Fig. 2).>° They consist of
liquid PFCs with extremely low boiling points such as per-
fluoro-propane and -butane, that can be subsequently vapor-
ized with low acoustic energy. Polydisperse decafluorobutane
and octafluoropropane microbubbles were formulated with a
mixture of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
and DSPE-PEG2000 in a 9: 1 molar ratio, and a total lipid con-
centration of 1.0 mg ml™".

Sub-micron phase change contrast agents (PCCAs) com-
posed of a perfluorocarbon liquid core can be activated into
the gaseous state and form stable echogenic microbubbles for
the contrast-enhanced ultrasound imaging of microvascula-
ture, tumour microenvironment, and cancer cells. Lin et al
prepared PCCAs via the condensation of precursor lipid-coated
perfluorobutane-filled MBs. The stabilizing shell was formed
by 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
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Fig. 2 Condensation and subsequent re-vaporization of gaseous per-

fluorocarbon microbubbles (reproduced from ref. 39 with permission
from Elsevier).

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000] in 9:1 molar ratio.’® PCCA-
produced ultrasound contrast enhancement after acoustic acti-
vation in a microchannel phantom (a 200 pm cellulose tube
mimicking microvessel confinement) was more than one order
of magnitude lower than that in a free environment.

Unfortunately microbubbles have several drawbacks,
including short half-lives (within a few minutes) and limited
drug payload capacity. To improve cancer chemotherapy deliv-
ery and survival outcomes, long-circulating non-thermosensi-
tive liposomes (NTSL) and low temperature sensitive liposomes
(LTSL) were combined with high intensity focused ultrasound
MBs.*" LTSLs (lipid composition: DPPC, MSPC, and DSPE-
mPEG2000 in 85.3:9.7:5.0 molar ratio) and NTSLs (DPPC,
cholesterol, and DSPEmMPEG2000 in 58.1:36.8:5.07 molar
ratio) were prepared by the hydration of a lipid film, followed
by extrusion. NTSLs and LTSLs containing doxorubicin (Dox)
were co-loaded with perfluoropentane (PFP) using a one-step
sonoporation method. PFP encapsulation improved Dox pene-
tration in the tumor periphery and core, without any impact
on the drug distribution in normal cells.* Echogenic lipo-
somes loaded with recombinant tissue-type plasminogen acti-
vator (rt-PA) and microbubbles that act as cavitation nuclei
were also developed for ultrasound-mediated thrombolysis."
Actually, rt-PA is the only FDA-approved thrombolytic for the
treatment of acute ischemic stroke. Monodisperse rt-PA-loaded
liposomes containing octafluorocyclobutane gas were prepared
in a microfluidic flow-focusing polydimethylsiloxane device.
The phospholipid mixture contained DSPC and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] (ammonium salt) (DSPE-PEG2000), plus 5% v/v
Pluronic F-127, which proved to be essential for particle stabi-
lity. The lipid mixture and rt-PA were flowed in the outer and
inner side channels of the chip, respectively, whereas gaseous
PFC was delivered in the central flow channel. The longer acyl
chains of DSPC are supposed to increase rigidity, and thus to
allow a higher shell friction parameter, resulting in lower back-
scatter intensity and an increased threshold for nonlinear
oscillations and microbubble rupture (if compared with com-
mercial Definity®).*>

2.2. Perfluorocarbon-based oxygen carriers

Perfluorocarbon (PFC)-based artificial oxygen carriers (also
termed “blood substitutes” or “white blood”) exploit the high
solubility of respiratory gases (oxygen and carbon dioxide) in
PFCs to restore oxygen transport to tissues.*®> Obviously, since
perfluorinated organic compounds are not soluble in water,
the intravascular administration of these carriers requires
their previous emulsification through coating by a thin surfac-
tant layer. A proper biocompatible emulsifier for PFC emulsion
development must fulfill two main tasks. First, it has to reduce
the large interfacial tension between the highly hydrophobic
PFC and the aqueous phase. The second target is to stabilize
the resulting emulsion. Moreover, surfactants for intravascular
use must be devoid of significant toxicity. The strength of a
surfactant film is related to the hydrophobic interactions
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between the nonpolar units of its molecules. The stability of
the emulsion also relies on cohesion at the PFC/water inter-
face, which in turn depends on the solubility of the surfac-
tant’s hydrophilic moiety in the aqueous phase and of its
hydrophobic moiety in the PFC phase (known as the hydro-
philic/lipophilic balance of the surfactant).**

PFC emulsions reported so far have used essentially two
surfactants, namely poloxamers and egg yolk phospholipids
(EYP), as emulsifiers. As summarized in Table 2, first-generation
emulsions used mainly synthetic Pluronics as emulsifiers,
whereas second-generation products (e.g. Oxygent®, Oxyfluor®,
and Oxycyte®) mostly exploited natural phospholipids.***®

EYP, in particular, has been used for more than fifty years
for stabilizing intravenous injectable lipid emulsions for par-
enteral nutrition and, later on, for the preparation of lipo-
somes. Among the many advantages provided by this surfac-
tant mixture, we can cite a strong reduction of side effects, low
PFC/water interfacial tension, excellent hydrophilic/lipophilic
balance, better emulsion stability and lower Ostwald ripening
rate compared to Pluronics. Furthermore, EYP cause no com-
plement activation, and have longer intravascular half-lives.
However, they are sensitive and oxidizable materials, and
require specific expertise in handling and preparation. The oxi-
dation of EYP in PFC emulsions can be minimized by the
addition of minor amounts of metal chelators (e.g., EDTA) and
antioxidants (e.g., a-p-tocopherol). Other excipients - such as
buffer salts - are frequently added to adjust osmolarity and
pH.43

Proteins have also been used in this context. Since the first
physiologically compatible emulsion of perfluoro-2-n-butyl-
tetrahydrofuran (FX-80) with bovine serum albumin was
reported by Sloviter and Kamimoto, several efforts have been
directed towards the improvement of emulsion stability.*”

Despite the outstanding gas dissolving ability and inertness
of PFCs, injectable fluorocarbon-in-water emulsions for oxygen
gas delivery are actually affected by low stability, and require
stabilization against coarsening to maintain biocompatibility
after intravenous administration. Control of emulsion particle
size distribution upon storage is particularly critical in preser-
ving the efficacy and tolerability of blood substitutes and other
fluorocarbon-based parenterals. The presence of secondary
dispersed components in EYP, such as a small percentage of
long-chain triglycerides, was shown to improve adhesion
between the surfactant and the dispersed fluorous phase

through the formation of a three-phase emulsion. In such dis-
persion, the triglyceride formed a layer around the dispersed
fluorocarbon, and thereby improved the adhesion of phospho-
lipid surfactants to the dispersed fluorinated phase.*®

2.3. 'F magnetic resonance imaging and related application

Although most of the PFCs applied as imaging contrast agents
were gaseous, in the past years many research efforts focused
on less toxic liquid perfluorocarbons®® as possible dual-modal
contrast agents for both '°F magnetic resonance imaging
(*F MRI) and ultrasonography.®® Due to the lack of a '°F
endogenous background signal in vivo and the high magnetic
resonance sensitivity of '°F atoms, the high fluorine content of
liquid perfluorocarbons surely make them ideal tracers for MR
imaging. Again, oil-in-water nanoemulsions were the most
widely investigated tools to disperse PFCs in water for *°F MRI
applications. The stabilization of PFC nanodroplets in
aqueous media for in vivo applications was achieved by means
of both synthetic surfactants, usually Pluronics, and natural
emulsifiers, such as natural phospholipids from egg yolks,
soybean, etc. (e.g., lecithin).

Similar to the case of microbubble dispersions, suitable
emulsifiers for '°F MR imaging and cell labeling must be non-
toxic, chemically stable, and able to decrease the high inter-
facial tension of perfluorocarbons in water. Natural phospho-
lipids afforded better emulsion stability and fewer side effects
than Pluronics, with EYP appearing to be a very favorable
choice. Surfactant-lipid co-mixtures were also often used, as in
the case of safflower oil mixed with cholesterol and/or
glycerin.”" In particular, hydrophobic safflower oil was often
added to decrease the emulsions’ Ostwald ripening, a mole-
cular diffusion phenomenon leading to a gradual growth of
larger particles at the expense of smaller ones.’® Table 3 pre-
sents an overview of currently reported examples of natural dis-
persing agents and additives used for '°F MRI formulations,
which have been recently reviewed.”' Here, we would just
briefly mention the aqueous dispersion of perfluorooctyl
bromide (PFOB) stabilized by an EYP monolayer adsorbed at
the o/w interface, which was the first one thoroughly investi-
gated for biomedical applications as imaging and oxygen-
carrying formulation. Minor components present in the com-
mercially available surfactant mixture were found to be necess-
ary for the formation of stable dispersions, probably acting as
phospholipid carriers from the bulk to the interface.”* Most of

Table 2 Selected examples of PFC-based emulsions developed as artificial blood substitutes

Product PFC (% w/v) Surfactant(s)
1% generation emulsions Fluosol Perfluorodecalin (14%) Pluronic F68, EYP, potassium oleate
Perfluorotripropylamine (6%)
2" generation emulsions Oxygent Perfluorooctylbromide (58%) EYP
Perfluorodecylbromide (2%)
Oxyfluor Perfluoro-dichlorooctane (78%) EYP, safflower oil
Oxycyte tert-Butyl-perfluorocyclohexane (60%) EYP
Emulsions in progress*® Columbian emulsion Perfluorooctylbromide (58%) Soybean lecithin
French emulsion Perfluorooctylbromide (90%) EYP
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Table 3 PFC nanoemulsions for *°F MRI

Liquid PFC Emulsifying agent(s) Ref.
Perfluorooctyl bromide Lecithin 53 and 54
(PFOB) Lecithin + cholesterol 55-59
Lecithin + safflower oil + 60 and 61
cholesterol
EYP/phospholipids 62 and 63
Perfluoro-15-crown-5- Lecithin 64-66
ether (PFCE) Lecithin + safflower oil 67
Lecithin + cholesterol 56 and 59

Lecithin + phospholipids 68
EYP/phospholipids 62 and 69-72

the following reports are variations or improvements of two
main formulation strategies. The first and more straight-
forward one was initially proposed by Ahrens and coworkers,
and maximized the fluorine content of the emulsion using
lecithin and safflower 0il.°” A slightly more complex approach
was investigated by the group of Lanza and Wickline. It
focused on more flexible probes, in which the fluorinated oil
core was surrounded by a multifunctional layer containing tar-
geting ligands, drugs, dyes, etc. Typically, a surfactant-lipid co-
mixture was the emulsifying agent. It was demonstrated that
such biotinylated lipid-coated nanoemulsions of liquid PFCs
in water also have interesting echogenic properties useful for
combined ultrasound imaging.®® Further developments based
on this strategy included the preparation of lipid-stabilized
fluorocarbon nanoemulsions loaded with therapeutic drugs or
aimed at the imaging of specific pathologies such as athero-
sclerosis or cerebral ischemia, as already described in previous
L7% Stabilizing shells based on proteins have been
used also in this field. Using sonochemistry, Webb et al. devel-
oped crosslinked bovine serum albumin shells encapsulating
perfluorononane droplets with a mean diameter of 2.5 pm.””
The potential of HFBs in stabilizing liquid fluorocarbon
emulsions has also been demonstrated, although no experi-
mental reports of their use in '°F MRI imaging has yet been

reviews.

reported to date. HFBs were shown to be effective stabilizers
for aqueous dispersions of liquid perfluorocarbons, effectively
preventing droplet coalescence (Fig. 3). The hydrophobin HFBI
allowed preparing o/w emulsions of different commercially
available fluorous liquids, ie. Galden™ SV90, perfluorooctyl
bromide and tris(perfluoropentylamine) (Fluorinert™ FC-70),
and proof-of-concept experiments demonstrated the possibility
to produce them also in microfluidic systems.”® This approach
permitted a good control over droplet size and shape, and the
obtained emulsions were reported to be stable for at least one
month, thus indicating a potential for successful use also in
the biomedical imaging field. PFC nanoemulsions effectively
labelled monocytes and macrophages when injected intra-
venously, and provided positive signals at sites of inflam-
mation in animal models. They were therefore naturally
studied also for '’F MRI cell tracking. Up to now, the more
stable PFC formulations for this purpose were prepared using
lipids.”” This protocol, originally established for liquid '°F
MRI tracers, has recently proved successful also for the solid

Fig. 3 Two Galden SV90 droplets in an aqueous solution of the hydro-
phobin HFBI cannot coalesce, due to the formation of a protein inter-
facial film (reproduced from ref. 76 with permission from the Royal
Society of Chemistry).

superfluorinated contrast agent PERFECTA, which has been
introduced as a more sustainable alternative due to its
branched structure containing short perfluorocarbon seg-
ments.”® Its homogeneous emulsion in an aqueous solution
containing 4% lecithin and 4% safflower oil was stable for
weeks at room temperature, and suitable for in vivo cell track-
ing and trafficking. Stable aqueous dispersions of PERFECTA
were also prepared by using HFBII as a biosurfactant.
Preliminary proofs of the success of this alternative formu-
lation protocol were given by DLS and NMR experiments. Both
afforded similar results if compared to PERFECTA emulsion
with lecithin and safflower oil.”®

2.4. Vesicles and liposomes for encapsulation and drug
delivery

Fluorinated vesicles were traditionally obtained from standard
phospholipids and partially fluorinated alkanes, whose
F-segments self-organized through their bilayers, making
them thermally stable even under heat sterilizing conditions.
In addition to that, the presence of strongly hydrophobic and
lipophobic fluorinated chains increased their drug encapsula-
tion ability compared to hydrogenated analogs, as confirmed
by the significantly slower release of model drugs in buffer or
serum.” These features render fluorinated vesicles and lipo-
somes highly promising platforms for biomedical applications
in the field of drug encapsulation and delivery. Among the
most common techniques for building capsules, the use of
bubbles and emulsion drops - stabilized by surfactants, pro-
teins or nanoparticles - as templates allows controlling the
size and size distribution of the droplets. Lipid bilayers,
formed by two sheets of amphiphilic phospholipids, constitute
a barrier between liquid compartments in cells and are widely
used for drug delivery in the form of liposomes. Similar build-
ing blocks, like amphiphilic proteins, may fulfill the same task,
affording new lipid-free platforms for synthetic biology or drug
delivery. In a very recent paper by H#hl et al, protein-based
bilayers and vesicles containing the ion channel-forming
peptide gramicidin A were prepared in water, oily media, and
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Fig. 4 Calcium phosphate capsules synthesized from an HFB-stabilized
perfluorooctane/water emulsion remained intact even after 68 days of
mineralization (reproduced from ref. 81 with permission from the Royal
Society of Chemistry).

even in air, using native HFBI and the microfluidic jetting tech-
nique. Among the selected hydrophobic phases, the fluorinated
oil Fluorinert™ FC-70 was also successfully employed.*®
Schulz et al wused HFB-stabilized perfluorooctane/water
emulsions as templates for the growth of mineral shells. They
reported a straightforward water-based synthesis of hybrid cap-
sules composed of HFB and hydroxyapatite (Fig. 4).5!

Being permeable for small molecules, these mineral shells
may find useful applications as microreactors or for food, cos-
metics, and drug delivery. Furthermore, calcium phosphate is
naturally present in the bones and teeth of living organisms,
and thus their decomposition products are likely to be bio-
compatible and may be exploited for the deposition of useful
minerals.

HFBs have also been employed to stabilize aqueous disper-
sions of supraparticles composed of gold nanoparticles with
hydrophobic dodecylthiol shells.®* Such supraparticles could
effectively encapsulate hydrophobic drugs and release them
upon reduction of the protein film by glutathione. Recent
research proved that this same approach is valid also for nano-
particles featuring fluorinated shells instead of simple hydro-
carbon ones.*

3. Coating and modification of
fluorinated solid surfaces

3.1. Surface coating and functionalization

Modifying low energy, highly hydrophobic solid surfaces to
make them wettable by polar liquids such as water is a challen-
ging task. Surface-active agents are an effective way to improve
the wetting properties of this type of solid substrates, which in
many cases consist of partially or fully fluorinated polymers,
e.g. polytetrafluoroethylene (PTFE). Although synthetic surfac-
tants are still mostly used for this purpose, it has been demon-

strated that naturally occurring amphiphiles can also adsorb
efficiently on these surfaces and modify their wetting pro-
perties, or even act as intermediates for further functionali-
zation. Lecithin is a complex mixture of neutral lipids (mainly
triacylglycerols), polar lipids (phospholipids and glycolipids)
and carbohydrates. After the formation of phospholipid
micelles in hexane-oil mixtures, the adsorption of pure
lecithin phospholipids (Chart 2) and soybean oil was shown to
be more effective onto hydrophobic surfaces with a water
contact angle >50° (including PTFE), compared to hydrophilic
ones.®® This finding is particularly significant for the food
industry, which mostly uses soybean lecithin as an emulsifier.
Soybean lecithin contains phosphatidylcholine, phosphatidyl-
ethanolamine, phosphatidylinositol, and phosphatidic acid,
together with a relatively large amount of triglycerides.
Removal of these phospholipids from soybean oil (a process
called ‘degumming’) can be achieved by means of polymeric
membranes; however chemical interaction between membrane
surfaces and bulk species may cause membrane fouling and
thus needs to be controlled.* Conditioning of PTFE with the
three lipopeptides, fengycin, iturin A, and surfactin, was tested
by Shakerifard and coworkers, who reported a reduction of the
surface hydrophobicity.*® The lowest water contact angle value
of 58° was reached after incubation with 0.1 mg mL ™" iturin A,
while for the other two lipopeptides only slight reductions
were noticed even at high surfactant concentrations.

Mixed surfactant systems often show better performance
compared to single amphiphiles, not just in terms of improved
interfacial behaviour. Mixing a synthetic surfactant with a
natural one is a smart strategy to reduce the consumption and
the environmental impact of the former; at the same time, it
can enhance the efficiency and cost effectiveness of the latter.
Plant surfactants in particular can be viewed as more advan-
tageous than microorganism-based ones, because of more
economically viable large-scale production. In this regard, a
recent work by Biswal and Paria reported the mixing in
different ratios of a double-chain cationic synthetic surfactant
(di-dodecyldimethyl ammonium bromide, DDAB) and a plant-
derived surfactant, i.e. Shikakai from Acacia concinna.®” The
interfacial and wetting behaviour of these mixtures on PTFE
surfaces were studied by surface tension and dynamic contact
angle measurements. Pure Shikakai and DDAB solutions had

Chart 2 Chemical
phosphatidylcholine.

structures of (a) phosphatidic acid and (b)
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minimum contact angle values of ca. 98° and 80° on PTFE.
Addition of DDAB to Shikakai gradually lowered the CMC,
surface tension and contact angle values at the CMC. When
50% DDAB was added, the contact angle decreased by ca. 16°,
confirming the presence of a strong synergistic interaction
between the head group of DDAB and the carboxyl group of
Shikakai. The same authors later reported a comparative study
of adsorption kinetics and wetting behaviours of three
different plant-derived surfactants (Reetha, Shikakai, and
Acacia, Chart 3) on PTFE surfaces.®® In all cases, adsorption
equilibrium was reached after only 15 minutes. Shikakai solu-
tions yielded a higher surface adsorption and lower contact
angle (98°) than Reetha and Acacia (ca. 109°). Lower adsorp-
tion densities were found at the PTFE-water interface com-
pared to the air-water interface, and the performance was gen-
erally lower than that displayed by conventional synthetic sur-
factants; however, mixed co-surfactant systems might rep-
resent a viable option as described above.

The adsorption of proteins on fluoropolymer surfaces is
likely to result in denaturation, as shown by Bekos et al. for
BSA on poly(tetrafluoroethylene-co-hexafluoropropylene).®’
This is generally not the case with HFBs, although with differ-
ences between the two classes of these proteins.

On solid surfaces, HFBs form amphipathic membranes
which can turn hydrophobic surfaces into hydrophilic ones
and vice versa; in several cases these films have also been
exploited to allow further chemical and/or functional modifi-
cation, e.g. binding of other proteins. A few studies have
shown that the self-assembly ability of HFBs is maintained on
solid fluorinated surfaces, despite their well-known omnirepel-
lency. Class I HFBs are among the first proteins recognized as
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Chart 3 Chemical structures of (a) Reetha, (b) Shikakai and (c) Acacia
surfactants.

functional amyloids, and they form chemically strong layers
on solid surfaces which can be dissolved only by strong
acids.”® After the overnight incubation of colloidal PTFE in
aqueous solutions of the class I hydrophobin SC3, for
example, the protein adsorbed onto the surface of polymeric
nanospheres with a high-affinity adsorption isotherm, reach-
ing a plateau value of 1.5 mg m™> and lowering the water
contact angle of PTFE sheets from 110° to 48° or 66°, depend-
ing on the glycosylation state of the protein.”' Treatment with
detergents at high temperature induced a structural transition
from an o-helical to a p-sheet state, and the protein film could
not be removed even by washing at 100 °C with 2% sodium
dodecyl sulfate.”” Recently it has been proposed to exploit this
behaviour for the isolation and purification of class I HFBs in
a solid phase extraction process based on adsorption on PTFE
microparticles, followed by harsh elution conditions.”® Class II
HFBs were reported to undergo only very small conformational
changes upon assembly at aqueous-fluorous interfaces.”* On
solid fluoropolymer surfaces, HFBI and HFBII form less stable
interfacial membranes which can be removed by treatment
with detergents but assemble more quickly than those of class
I HFBs, requiring minutes rather than hours. These HFBs are
still rather efficient in changing the wettability of fluoropoly-
mer surfaces, and lower the water contact angle of PTFE down
to the 50-60° range.”>°® In a somewhat reversed approach it
may be desirable to introduce fluorocarbon moieties on the
surfaces of other materials such as non-fluorinated polymers,
in order to improve their performance in terms of e.g. chemi-
cal resistance, friction reduction and barrier properties, or to
control their wettability features. Adhesion issues can be
encountered if simple physical deposition is used, and more
stable modifications may require energy-intensive or environ-
mentally unfriendly activation procedures for substrates with
low chemical reactivity. Using HFBII as a primer layer, poorly
reactive hydrophobic polymers (i.e. polystyrene, polypropylene,
low-density polyethylene) could be rapidly and spontaneously
functionalized with the phosphate-terminated perfluoropoly-
ether Fluorolink® F10, in aqueous solutions and at room
temperature.97 The presence of an HFBII monolayer on a poly-
styrene surface increased the binding of Fluorolink® F10
almost twenty-fold, by exploiting electrostatic interactions
between the phosphate groups of the fluorocarbon and the
positively charged amino acid residues of the protein (Fig. 5).
Finally, we shall briefly mention here just few examples in
which biosurfactants were used as surface-modifying agents in
order to achieve the subsequent immobilization of enzymes or
biomolecules. Urease was covalently immobilized on silica,
tungsten, and PTFE supports by linking the enzyme through
its exposed carboxylic groups to surfaces coated with amino-
functionalized phospholipids.”® Compared to analogous ami-
nated supports without phospholipid coatings, this protocol
led to higher total and active immobilized enzyme yields.
Moreover, on all lipid-coated surfaces, urease exhibited excel-
lent stability and retention of activity. The enzyme bound to
lipid-coated PTFE, for example, could be boiled in water for
1 h with only a minimal loss of activity. In a similar but more
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Fig. 5 Assembly of HFBII (a) and Fluorolink® F10 (b) for the surface
modification of hydrophobic polymer surfaces (c), (reproduced from
ref. 97 with permission from Wiley).

sophisticated approach, Chu and coworkers immobilized
glucose oxidase on a PTFE membrane by using a copolymer of
the phospholipid 2-methacryloyloxyethyl phosphorylcholine
with 2-ethylhexylmethacrylate. The modified surfaces thus
obtained were proposed for the preparation of a biosensor for
the continuous monitoring of glucose.’® Ton channel proteins
play a fundamental role in signal transduction phenomena,
e.g. in the nervous system. Their reconstitution into artificial
membranes would be greatly advantageous for the develop-
ment of novel biosensors. An interesting paper from Salzer
and coworkers reported the successful integration of two
natural ion channel proteins, namely gramicidin A and nico-
tinic acetylcholine receptor, into a lipid/PTFE matrix.'° The
functionality of both proteins in these artificial mimic plat-
forms was not modified, as confirmed by single channel
patch-clamp measurements.

3.2. Biocompatible artificial surgical implants

One special case of surface modification which deserves a sep-
arate discussion is that of artificial surgical implants, which
are widely used to replace or support several body parts (e.g.
bones, spinal, cardiac and dental tissues). The insufficient bio-
compatibility of the non-physiological materials used in these
devices, however, often leads to poor integration into human
tissues. Therefore engineering of their surface, physical, and
mechanical properties is necessary to enhance implant per-
formance in the biological environment.

PTFE is considered one of the most inert and oxidation-
resistant polymers. This feature made it widely used for the
manufacture of prostheses, graft augmentation devices, and
microporous hydrophobic membranes for surgical implants.
Among all its possible applications in surgery, the use of PTFE
vascular grafts for the treatment of leg ischaemia is frequent
when endogenous saphenous veins are not available.
Unfortunately, the insertion of synthetic blood conduits can
induce a negative host response. In particular, lipid retention
- which is a well-known cause of atherosclerosis - was often
observed in arterial prostheses explanted from humans.
Phospholipids are a major constituent of the whole lipid com-

position of human blood, and among them, phosphatidyl-
choline is an important component of platelets and red blood
cell membranes. Phosphatidylcholine-based lipids, combined
with cholesterol, play a major role in the evolution of athero-
sclerosis. A study by Vermette et al. examined lipid concen-
tration profiles across prosthesis membranes exposed to lipid
dispersions under various conditions, and found that lipids
first rapidly adsorbed onto PTFE surfaces due to their strong
affinity for this highly hydrophobic polymer, and then filled in
the prosthesis wall, until the membrane became completely
impermeable to fluids.'**

Another crucial issue associated with synthetic vascular
implant failure is lipidic radial transport across the wall of
expanded polytetrafluoroethylene (ePTFE) arterial prostheses.
An in vitro model developed by the same group investigated
how the radial transport of a phosphatidylcholine dispersion
across the wall of an ePTFE prosthesis affected the circumfer-
ential mechanical properties of the implant itself."> When
commercial ePTFE prostheses were exposed to various trans-
mural pressures and/or lipid concentration gradients, phos-
pholipids gradually accumulated up to the external reinforcing
wrap of the prosthesis, which acted as a rigid barrier. After
lipid adsorption however the rigidity of the wrap decreased
compared to the pristine prosthesis, which may lead to serious
clinical implications if happening in vivo. Controlled phospho-
lipid adsorption, however, may be turned into an advantage.
In an early study, Kohler et al. covalently grafted a layer of car-
boxylated egg lecithin to aminated PTFE in order to prepare
nonthrombogenic coatings.'® By mimicking the surface of
inactive platelets and red blood cell membranes, which are
biologically inert, the modified materials displayed a capability
to reduce platelet adhesiveness to the surface. In a similar
approach, Jordan and coworkers applied a stable membrane-
mimetic film by immobilizing and subsequently polymerizing
an acrylate-modified phospholipid on gelatin-impregnated
ePTFE, using an interposed terpolymer layer to control phos-
pholipid assembly.'®* Polyurethanes (PUs) are used as coating
or structural materials for most cardiovascular products, and
thus need to be biocompatible and stable in vivo for a pro-
longed period. Unfortunately, PUs are not completely
thrombo-resistant, and surface coating is required to increase
their blood compatibility. The surface of a hydrophobic fluori-
nated polyurethane containing 2,2,3,3-tetrafluoro-1,4-butane-
diol chains was easily modified by the Langmuir-Blodgett
method using DSPC.'*®> From in vitro platelet adhesion assays,
FPU coated with a DSPC monolayer proved to be more platelet-
compatible than the corresponding unmodified substrate.
DSPC formed a cytomimetic layer, which led to a significant
reduction of platelet adhesion and activation (Fig. 6).

The ability of HFBs to modify the wettability and act as
functionalization intermediates of fluoropolymer surfaces can
also be exploited to improve the biocompatibility of fluoropoly-
mer implants. Scholtmeijer, Janssen and coworkers coated
PTFE surfaces with engineered variants of the hydrophobin
SC3 which featured a fibronectin cell-binding RGD motif and/
or the deletion of 25 amino acids at the N terminus of the
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Fig. 6 SEM images of platelet adhesion on spin-coated FPU surfaces as
such (a, b) and modified with a DSPC monolayer (c, d), (adapted from
ref. 105 with permission from Taylor & Francis).

protein, and found that both changes could lead to enhanced
fibroblast growth (Fig. 7).'%%%”

A significant problem for many surgical and medical
devices is their colonization by structured multicellular com-
munities of bacteria (i.e. biofilms), a phenomenon that rep-
resents a continuous source of infection. Surface modification
is a smart approach to retard or avoid biofilm formation. The
ability of hydrophobins to form anti-biofilm coatings on PTFE
surfaces has been recently reported by Artini and coworkers,
who demonstrated the anti-biofilm efficiency of self-assembled
amphiphilic layers formed by two fungal hydrophobins (Vmh2
and Pac3) on different medically relevant materials, including
PTFE disks."*® Using a CDC biofilm reactor for biofilm growth,
the authors showed that both these class I HFBs are able to
reduce the biofilms formed by different strains of
Staphylococcus epidermidis, a significant nosocomial pathogen
in indwelling medical devices.

3.3. Colloidal dispersions of fluorinated particles

One last particular case of surface modification which will be
described separately is that of colloidal dispersions of solid
fluorinated particles. In order to favour application as coat-
ings, sealants and lubricants, fluoropolymer particles need to
be dispersed in a liquid medium. Aqueous solutions represent
the most inexpensive and environmentally friendly choice;
however the extreme hydrophobicity of these materials makes
them difficult to prepare. Uncoated PTFE particles for example
do not wet-in or disperse in water even when high-energy ultra-
sonication is applied. Commonly available non-ionic surfac-

TCPS

Bare Teflon SC3 RGD-SC3 TrSC3 RGD-TrSC3
Fig. 7 Fibroblast growth on PTFE surfaces modified with the hydro-
phobin SC3 fused with an RGD motif and/or featuring a 25-amino-acid-
strand deletion at the N terminus (TrSC3). Cells grown in multi-well
tissue culture polystyrene plates (TCPS) are also reported as a control

(reproduced from ref. 107 with permission from Elsevier).

Fig. 8 TEM images of uncoated (a) and HFBII-coated (b) PVDF nano-
particles. (c) Resuspension in water of previously freeze-dried aqueous
dispersions of HFBII-coated PVDF nanoparticles (adapted from ref. 109
with permission from Elsevier).

tants are effective for this purpose only if used in high concen-
trations, and often lead to dispersions that are not stable at
high temperature or under harsh chemical conditions.

Static water contact angle measurements proved that very
low concentrations of HFBs (typically 25-50 ug ml~" for SC3
and 200-220 pg ml~" for HFBII) could facilitate the wet-in of
Teflon® MP1600 and TE5069 solid particles into aqueous solu-
tions, even though sonication was required and the particles
eventually settled at the bottom of the vials.”®

Poly(vinylidene fluoride) (PVDF) is another highly hydro-
phobic fluorinated polymer with a broad range of applications,
spanning from electronic devices to membranes and nano-
composite materials. It is also widely used in coatings and
paints due to its low surface energy, but poor water solubility
represents a significant limitation from the applicative point
of view. The first example of an environmentally friendly
aqueous dispersion of partially crystalline PVDF nanoparticles
was recently obtained by the use of HFBs."*® HFBI and HFBII
were able to reverse the surface wettability of the nano-
particles, without significantly changing their size or the
polymer crystalline phase. In addition, the water dispersibility
of the protein-coated particles was not affected by lyophiliza-
tion, so that it was possible to freeze-dry the dispersions, store
them for weeks and then redisperse them in water (Fig. 8).

4. Summary and future outlook

Perfluorocarbons possess a unique set of properties that make
them hardly replaceable in advanced technological appli-
cations. Among these features are their extremely low surface
tension and high hydrophobicity, which however constitute a
significant limitation whenever the preparation of aqueous
dispersions is required, e.g. for biomedical imaging or to
prepare organic solvent-free products for coating applications.
While synthetic surfactants based on long-chain perfluoro-
carbons are suitable for solving this issue from a technical per-
formance point of view, their persistence and in certain cases
their toxicity have raised concerns, such as for PFOA and
PFOS. There is therefore an urgent need for replacement of
these fluorosurfactants, in order to comply with higher
environmental sustainability standards and with increasingly
strict directives and regulations. At present, possibly the most
explored alternative is the preparation of less persistent syn-
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thetic fluorosurfactants featuring shorter and/or branched per-
fluorinated chains, which however appear to display lower
technical performance. In addition, caution has been invoked
also towards these replacements, although no extensive data
are yet available on their sustainability profiles. In this sense,
the possibility of using naturally occurring surfactants appears
as a promising alternative worth investigating. To date the
largest number of studies on this topic has been reported in
the biomedical field, where the expected higher biocompatibil-
ity of natural compounds clearly constitutes a further driving
force for intense research, but a few examples exist also in the
wider materials science field, e.g. for functional coatings or
sensing applications. Phospholipids have probably received
the greatest attention due to their availability in larger quan-
tities and relative economic viability, but surface-active
proteins have also been investigated. An increasing number of
studies has been focusing on hydrophobins because of their
exceptional surface activity and particularly because of their
film-forming properties, which set them apart from other
available surfactants. The main challenge in raising the
technology readiness level of these applications consists in
bringing hydrophobin expression and purification yields to
industrially viable levels, but several efforts in this sense are
ongoing."” Besides phospholipids and hydrophobins, however,
a large number of both low and high molecular weight biosur-
factants exist which remain virtually unexplored in the field of
fluorous chemistry, from glycolipids and lipopeptides to other
surface-active proteins."’™"* For the successful replacement
of synthetic fluorosurfactants with natural occurring ones, the
greatest challenge consists of combining environmental sus-
tainability with economic sustainability and with the perform-
ance requirements dictated by advanced technological appli-
cations. One possible approach consists of the use of mixtures
of natural and synthetic surfactants, which can at the same
time improve the effectiveness of the former while reducing
the consumption and thus the overall environmental impact of
the latter.

Further significant improvements may come from engineer-
ing of natural surfactants by biotechnological or chemical
means, which may not only improve their performance, but
also introduce entirely new functionalities. We have reviewed
here a few cases taken from the biomedical field which show
how this approach may lead for example to specific targeting
in biomedical imaging (e.g. by modification of the lipid shell
in microbubbles) or to the increased biocompatibility of surgi-
cal implants (e.g. by the introduction of fibronectin RGD
motifs to the amino acid sequence of hydrophobins). Some
large-scale application has already been found for denatured
fluorinated whey and soy proteins in fire-fighting foams."**
A first effort has been recently made in order to increase the
affinity of hydrophobins towards fluorinated phases by the
addition of fluorocarbon tags, combining the film-forming
properties of the proteins with the fluorophilic features and
reducing the required amount of the latter.'” The introduc-
tion of new functionality through engineering means has the
potential to create added value for natural surfactants, thus

addressing not only the requirements in terms of environ-
mental sustainability and technical performance, but possibly
also of economic viability.
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