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Abstract: Dispersing hydrophobin HFBII under air saturated
with perfluorohexane gas limits HFBII aggregation to nano-
meter-sizes. Critical basic findings include an unusual co-
adsorption effect caused by the fluorocarbon gas, a strong
acceleration of HFBII adsorption at the air/water interface, the
incorporation of perfluorohexane into the interfacial film, the
suppression of the fluid-to-solid 2D phase transition exhibited
by HFBII monolayers under air, and a drastic change in film
elasticity of both Gibbs and Langmuir films. As a result,
perfluorohexane allows the formation of homogenous popu-
lations of spherical, narrowly dispersed, exceptionally stable,
and echogenic microbubbles.

M icrobubbles are currently used and further investigated
for contrast ultrasound (US) imaging, molecular imaging,
targeted drug and gene delivery, and as mechanical intra-
vascular intervention devices.!! There is, however, a clear
need for innovative microbubble shell components. The
existing ones, phospholipids and polymers, only poorly meet
the essential requirements for US contrast agent (USCA)
microbubbles, which need to be simultaneously highly
echogenic, stable, and size-controlled.” Phospholipid-stabi-
lized microbubbles have a thin (tens of nm), highly echogenic
shell, but they need to be prepared just prior to use from
freeze-dried materials.”! On the other hand, polymer-stabi-
lized microbubbles are stable for months, but their shell is
much thicker (a few hundreds of nm), which dampens the US
waves and considerably decreases echogenicity at low US
pressures. At high acoustic pressures, the polymer micro-
bubbles break and the internal gas escapes.

Hydrophobins (HFBs) are small fungal amphiphilic
proteins with remarkable surface activity.! HFBII (Fig-
ure 1a), obtained from Trichoderma reseei, forms ordered
monolayers at interfaces, which is potentially valuable for
bubble and foam stabilization in the food industry. HFBII was
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Figure 1. a) HFBII (2x2x3 nm, hydrophobic patch in red). b) Shear-
mixed aqueous dispersions of HFBII under air (b;) and F-hexane-
saturated air (b,). c) Morphology of aggregates formed in aqueous
dispersions of HFBII under air (c;) and F-hexane-saturated air (c,);
OMoptical microscopy (on shear-mixed samples), ™TEM (negative
staining, on samples before shear mixing). d) Diameter distribution of
aggregates in HFBII dispersions in contact with F-hexane (DLS). HFBII
concentration, 0.2 mgmL™'; room temperature.

reported to stabilize inorganic and polymer nanoparticles and
fluorocarbon emulsions in water."!

We have investigated HFBII as a microbubble shell
component for medical US imaging. HFBII Gibbs mono-
layers adsorbed at the air/water interface are known to exhibit
a concentration-dependent transition from a fluid to a 2D
solid state, resulting in high shear elasticity.’! While micro-
bubble stability is essential for use as USCA, excessive
elasticity is expected to shift the bubble’s resonance fre-
quency to high values”! that may exceed those commonly
used in radiology (that is, from 2 to 15 MHz). Another
consequence of HFBII monolayers being in a solid state is
that millimetric® and micrometric®” HFBII-stabilized bub-
bles adopt elongated shapes. Dispersions containing both
elongated and spherical microbubbles are suboptimal as
USCA since microbubble resonance frequency depends on
the radius.’ Finally, some feasibility tests showed that
dispersing HFBII and preparing microbubbles using standard
procedures leads to heterogeneous mixtures consisting largely
of micron-sized aggregates along with both spherical and
elongated microbubbles (see below), thus impeding the
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reproducible and effective formation of echogenic micro-
bubbles.

Herein, we report that both the HFBII dispersion issue
and the conflicting microbubble stability/elasticity require-
ments can be solved by using a fluorocarbon (FC) gas
(perfluorohexane, F-hexane). Size- and shape-controlled
populations of stable echogenic microbubbles could thus be
obtained. Both HFBII and the FC gas are expected to be
biologically inert."?! First, we report that F-hexane prevents
the protein from forming large aggregates when dispersed in
water. Moreover, the fluid-to-solid transition in HFBII
Langmuir monolayers can be inhibited by the FC gas,
allowing the monolayers to remain fluid throughout com-
pression. Likewise, Gibbs interfacial films are fluid at high
protein concentrations. In the fluid state, the HFBII adsorp-
tion kinetics at the air/water interface, as determined by
bubble profile analysis tensiometry, is greatly accelerated
when F-hexane is introduced in the gas phase. While micro-
metric air-only HFBII bubbles are elongated and not
echogenic in the investigated frequency range (0.3
6.6 MHz), introducing F-hexane produces only spherical
bubbles. These findings support a new approach to controlling
1) the aggregation behavior of HFBII in water and 2) the
morphology, stability, and echogenic response of HFBII-
shelled microbubbles and open new outlooks for medical
microbubble development. In fact, most microbubbles cur-
rently used or investigated for US diagnosis and drug delivery
contain FC gases.!"

FC gases have also promising applications in lung
therapy!™® and for biomarker recognition and immobiliza-
tion."

The preparation of microbubbles first involves the low-
energy dispersion in water of the shell-forming HFBII,
followed by a more energetic mechanical agitation (see the
Supporting Information). First, we wanted to assess the effect
of F-hexane on HFBII dispersion characteristics. When
dispersed in water by shear mixing under air in a rotary
shaker, a highly purified sample of HFBII formed a milky
dispersion (Figure 1b,) containing fibrils large enough (2-
3 um in diameter, up to 20-30 um in length) to be seen by
optical microscopy (Figure 1¢,°M).” Transmission electron
microscopy (TEM, negative staining) on the HFBII disper-
sions shows aggregates with a rod-like convoluted morphol-
ogy even before shear mixing (Figure 1¢,"*™).

By contrast, when the HFBII dispersions are prepared
under F-hexane-saturated air, the dispersions are transparent
and no large aggregates are seen by optical microscopy
(Figures 1b,c,°™). Only nano-sized aggregates (ca. 8-12 nm,
tens of molecules) were observed by TEM (Figure 1¢,"™™),
showing that F-hexane completely prevents the formation of
the large aggregates. The diameter of the HFBII nano-
aggregates was confirmed by dynamic light scattering (DLS);
(Figure 1d). Notably, the initial large, micron-sized aggre-
gates formed in the absence of F-hexane reappear when F-
hexane is replaced by air.

We compared the formation of microbubbles from HFBII
dispersions prepared under air or prepared and stored under
F-hexane-saturated air. In both cases, the dispersions, which
were not subjected to shear mixing, were transparent. Under

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

air, three kinds of diversely sized objects were identified in
the microbubble samples: 1) rod-shaped micron-sized aggre-
gates like those found in HFBII dispersions, 2) spherical
microbubbles, and 3) elongated microbubbles (Figure 2a,

Figure 2. Dispersions of HFBII in water obtained by mechanical
agitation under a) air or b) air saturated with F-hexane, as assessed by
optical microscopy. Inset: Diameter distribution of microbubbles
found in (b) as assessed by optical microscopy. HFBII concentration,
0.2 mgmL™"; room temperature.

Table 1). 80% of the objects were elongated (circularity
below 0.3; see the Supporting Information for image analy-
sis). Attempts to separate elongated and spherical objects
using flotation failed.

Table 1: Morphological characteristics of aggregates and microbubbles
found in aqueous HFBII dispersions as determined by optical micros-

copy.
HFBII dispersions Spherical microbubbles!®!

Elongated objects!”
(aggregates or bubbles)
% Diameter [um] % Length [um]

Under air 20 5 80 8-10
Under F-hexane 98 2-3 2 -

[a,b] Objects for which the circularity is [a] >0.90 and [b] < 0.30.

Using F-hexane-saturated air during microbubble prepa-
ration changes the situation radically. Essentially all the
elongated objects disappear and only spherical bubbles are
formed (>98%); (Figure 2b, Table 1). No solid aggregates
are seen.

The acoustic behavior of the microbubbles was studied by
measuring the attenuation coefficient a of US waves that
propagate through a bubble dispersion as a function of time
for a range of US frequencies f. Contrary to those prepared
under air, the F-hexane-stabilized bubbles were highly
echogenic, with a values close to those of phospholipid-
shelled microbubbles."® Figure 3a shows the variation of « as
a function of f at the initial time ¢, The bubble size
distributions (Figure 3b), as determined from the US absorp-
tion spectra, show monomodal populations (diameter, 6.2 +
1.6 um; polydispersity index PI, 25%). 50 % of the bubbles
were still present in the US measuring cell after nearly 4.5 h
(Figure 3c¢). Decisively, it then became possible to fractionate
the microbubble population by flotation. Thus, a narrowly
dispersed population of microbubbles (mean diameter, 3.7 +
0.9 um; PI, 24 %) could be obtained, as assessed by optical
microscopy, static light scattering (SLS), and the acoustical
attenuation method (Figure 3d).1
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Figure 3. a) Variation of the attenuation coefficient a as a function of
ultrasound frequency f for microbubbles prepared from HFBII disper-
sions under F-hexane; b) microbubble distributions from the US
absorption spectra; c) time evolution of the bubble distributions
(acoustical method); d) size distributions of the fractionated F-hexane-
stabilized HFBII microbubbles, assessed by optical microscopy (bars),
SLS (line), and US attenuation measurements (filled circles). Mean
diameter~23.5 um. HFBII concentration, 0.2 mgmL™'; injected volume
1 mL; 25°C.

By contrast, HFBII microbubbles prepared without F-
hexane were, as anticipated, poorly echogenic, with a coef-
ficients up to 20-fold lower than those obtained with the FC
(Supporting Information, Figures S1-2). This is likely a result
of the presence of a large concentration of non-echogenic
solid aggregates and of the high polydispersity of the micro-
bubble sizes and curvatures.

F-hexane also has a strong effect on the microbubble
stability. The HFBII-shelled bubbles prepared under air last
approximately 15 min at 25°C (Supporting Information,
Figure S1). Previously, HFBII microbubbles have been
reported that last for several days.”” The difference in stability
may be related to differences in the HFBII sample purity
(higher in our case), air phase volume (lower in our case), and
ratio of elongated bubbles (higher in our case).

In contrast, microbubbles prepared and stored under F-
hexane, after an initial shift toward a slightly larger diameter
(ca. 4.5 ym), display a mean diameter and a size distribution
that remain essentially unchanged for at least 2 months at
25°C (Figure 4; SLS in the Supporting Information, Fig-
ure S3).

The simultaneous presence of hydrophobin and F-hexane
in the bubble shell was established by FTIR, which showed
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profile analysis tensiometry. At high HFBII concentrations,
the measurement of the surface tension o is not valid because,
for an elastic solid film, ¢ becomes an anisotropic quantity.®!
As a consequence, the error on the Laplace fit becomes
prohibitively high.’! By contrast, under F-hexane the errors
on the fit remain small (Figure 5), implying that the HFBII
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Error on Laplace fit (um)
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Figure 5. Error on the fit of the drop profile using the Laplace equation
versus surface tension, as determined by bubble profile analysis. The
abrupt increase observed at low o values reflects the fluid-to-elastic
transition of the HFBII layer adsorbed at the air/water interface (filled
squares). On the other hand, when F-hexane is present, the errors
remain small, showing that the HFBII layer remains fluid (open
circles). HFBII concentration, 0.05 mg mL™"; 25°C.

layer remains fluid at all surface pressures. The effect of F-
hexane on spontaneous HFBII adsorption was therefore
investigated at protein concentrations at which the layer at
equilibrium is in the fluid state (0.01 mgmL~!, Figure 6).
F-hexane was found to strongly accelerate the adsorption
of the protein (characteristic time 7 =130 s versus 421 s in its
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Figure 6. Adsorption kinetics of hydrophobin HFBII (0.01 mgmL™";
25°C) at the interface of water and air (a), or F-hexane-saturated

air (b), as determined by tensiometry. The characteristic adsorption
times 7 (£ 50 s) were obtained by fitting the experimental curves with
an exponential decay function (dotted lines).

absence). This is likely due to F-hexane’s ability to limit
protein aggregation to nanometer-sized entities that diffuse
faster to the interface. The FC was also found to decrease the
equilibrium interfacial tension of HFBII by approximately 3—
4mNm !, which shows the co-adsorption of the two com-
pounds at the interface (Figure 6). Most importantly, F-
hexane significantly decreases the viscoelastic modulus E of
the surface film (from 138.1 +8.2 to 102.5+3.8 mNm ).
We studied Langmuir compression isotherms to assess the
co-adsorption of HFBII and F-hexane in interfacial films.
HFBII monolayers were spread over water in a trough
enclosed in a gas-tight box, allowing the saturation of the gas
phase with F-hexane."®! Under air, HFBIT monolayers exhibit
a fluid-to-solid transition’ when approaching a surface
pressure () of approximately 20 mNm ™' (Figure 7). By
contrast, when the monolayers are in contact with F-hexane,
the isotherm is shifted towards larger surface areas, implying
that the F'C molecules are inserted in the monolayer and act
as a co-surfactant. This is reminiscent of the fluidizing effect
exerted by FC gases on phospholipid monolayers™®) At higher
surface pressures the area difference with and without F-
hexane decreases, but is not reduced to zero, suggesting that
the FC is only partially expelled from the monolayer. The

60
50
404
30

20

Surface pressure T (mNm’)

10

04
T T T T T T T T ]
50 60 70 80 90 100 110 120 130 140
Surface area A (cm?)

Figure 7. Surface pressure (7)/surface area (A) isotherms (25°C) of
HFBIl monolayers compressed under air (thin line) and F-hexane-
saturated air (thick line).
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collapse pressure of the monolayer in contact with F-hexane is
also notably higher (ca. 60 versus ca. 54 mNm™") than in its
absence.

In summary, in the absence of F-hexane, shear-mixed
HFBII dispersions consist of highly heterogeneous popula-
tions of large, solid, mostly elongated aggregates. As a result,
HFBII microbubbles are polymorphous and polydisperse.
Moreover, the fluid-to-highly elastic solid-phase transition in
monolayers precludes microbubbles to be echogenic in the
0.3-6.6 MHz range. These deficiencies hamper the develop-
ment of effective medical microbubbles. We found that these
obstacles can be removed and that bubble stability and
echogenicity can be greatly increased, by introducing F-
hexane in the gaseous phase. F-hexane limits protein aggre-
gation to nanometer-scale sizes. Most importantly, contact
with F-hexane prevents the formation of the HFBII 2D solid
phase. Consequently, exposure to F-hexane enables the
efficient, quasi-exclusive formation of homogenous, narrowly
dispersed populations of spherical stable and echogenic
microbubbles. This may be because 1) the nanometer-sized
aggregates diffuse more rapidly to the interface and stabilize
microbubbles more efficiently and 2) F-hexane is immobi-
lized in the bubble’s shell, maintaining its fluidity and
therefore enabling effective bubble resonance when insoni-
fied in a frequency range commonly utilized in US imaging. F-
hexane thus allows the production of microbubbles that are
compatible with medical uses. More generally, we believe that
these results should facilitate the use of these intriguing
amphiphilic proteins in soft matter and interfacial science.
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