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Supplementary experimental data

In tables S1 and S2, contact angle data from
measurements in the microfluidic channels are
given. From these data, the bilayer tension and
the bilayer adhesion energies presented in Fig-
ures 4, 5, and S1 were calculated using Eq. (1)
und (2), respectively.

Figure S1 displays the tension values for bilay-
ers from the different HFBI mutants (a) as well
as from hydrophilic core bilayers from HFBI
with buffer solution with increased salt concen-
tration (b). These values correspond to the ad-
hesion energies shown in Figure 5 in the main
text.

Calculation of the van der Waals
interaction energy

To approximately derive the magnitude of the
van der Waals (vdW) interaction between two
protein layers, strategies for applying Lifshitz’
continuum theory were used that are nicely
compiled and described by Parsegian 1. First,
all media in the system were regarded as purely
dielectric. Moreover, since all distances be-
tween the interacting interfaces in our system
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Figure S1: Bilayer tension values Γ:
a) Bilayers of HFBI mutants at the inter-
faces buffer/hexadecane (h’phobic core, red
bars), hexadecane/buffer (h’philic core, blue
bars), and FC70/buffer (h’philic core, green
bars). b) Hydrophilic core HFBI bilayers at
the C16H34/buffer interface with varied salt
concentration in the buffer phase. As described
in the main text, the differences between dif-
ferent mutants or different salt concentrations
are explained by the variation in the respective
interfacial tension γ (see Tables 1 and 2 in the
main text).
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Table S1: Experimental values for HFBI and HFBII from bilayer contact angle measurements for
different phase combinations. The ionic strength of the buffer was 6 mM.

phases bilayer core bilayer angle 2θ
(finger/flow) HFBI HFBII HFBI-DK HFBI-RK HFBI-DD HFBI-DDRK

air/buffer hydrophilic 41◦ ± 5◦ 36◦ ± 6◦ −− −− −− −−
hexadecane/buffer hydrophilic 50◦ ± 3◦ 60◦ ± 4◦ 60◦ ± 3◦ 58◦ ± 3◦ 59◦ ± 4◦ 70◦ ± 4◦

FC70/buffer hydrophilic 36◦ ± 3◦ 45◦ ± 4◦ 42◦ ± 3◦ 40◦ ± 4◦ 40◦ ± 4◦ 46◦ ± 3◦

buffer/air hydrophobic 32◦ ± 2◦ 43◦ ± 2◦ −− −− −− −−
buffer/hexadecane hydrophobic 33◦ ± 2◦ 35◦ ± 4◦ 37◦ ± 3◦ 37◦ ± 2◦ 38◦ ± 4◦ 37◦ ± 3◦

buffer/FC70 hydrophobic 23◦ ± 2◦ 26◦ ± 5◦ −− −− −− −−

Table S2: Experimental values for HFBI
from bilayer contact angle measurements in
a hexadecane/buffer system for different ionic
strengths of the buffer (see also fig. 5 in the
main text.

ionic strength bilayer angle
I / mM 2θ

100 51◦ ± 3◦

500 54◦ ± 2◦

1000 60◦ ± 2◦

are below 10 nm, retardation due to finite ve-
locity of light was neglected. Finally, the thick-
ness of the protein films (ca. 3 nm) is much
larger than the distance l between the two films
(shortly before or in “contact”, i.e. well below
1 nm). Therefore the contribution of the inter-
faces between protein and outer solution to the
overall vdW interaction is small and can be es-
timated to be less than 15 % at l = 1 nm and
already less than 3 % at l = 0.3 nm. Conse-
quently, the system was simplified as two half
spaces of protein (index 1 and 2) interacting
across a medium m, which can be air, oil, or wa-
ter. Then, the free energy of interaction ∆GvdW

as a function of l can be written in the Hamaker
form as

∆GvdW(l) =− kBT

8πl2
A1m2 , (1)

where kB is the Boltzmann constant and T the
absolute temperature. The Hamaker coefficient
for the interaction between the two interfaces

1m and m2 is thereby given as

A1m2 =

∞∑′

n=0

∞∑
q=1

(∆1m∆2m)q

q3
(2)

with ∆ij =
εi(iξn)− εj(iξn)

εi(iξn) + εj(iξn)
(3)

evaluated at the Matsubara frequencies ξn =
n 2πkBT/~. The prime in the first summa-
tion in eq. (2) indicates that the first term is
to be multiplied by 1/2. In the case of water
as medium (m → w), a screening of this zero-
frequency term due to ions in the solution has
to be inserted so that the Hamaker coefficient
becomes

A1w2 =
1

2

∞∑
q=1

(∆1w∆w2)
q

q3
(1 +

2l

λD
)e−2l/λD

+
∞∑
n=1

∞∑
q=1

(∆1w∆w2)
q

q3
, (4)

where λD is the Debye screening length.
The dielectric functions ε(iξ) were approxi-

mated with the damped oscillator form

ε(iξ) = 1 +
∑
j

dj
1 + ξτj

+
fj

ω2
j + gjξ + ξ2

, (5)

where the coefficients derived from spectral
data where taken from Parsegian’s book1 in the
case of water and oil (for which the values for
tetradecane were used). Since not enough spec-
tral data for HFBI exist, coefficients for the pro-
tein bovine serum albumin (BSA) taken from
Roth et al. 2 were used. Also the protein ori-
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Figure S2: Hamaker coefficient as function of
the distance of the two interfaces as calculated
from eq. (4) for oil and from eq. (6) for the buffer
solutions.

entation is neglected. Since the protein always
orients such that the less polarizable groups are
exposed to the less polarizable medium and vice
versa, this simplification might lead to a slight
overestimation of the interaction strength.

In our numerical calculation, the sums were
evaluated until q = 5 and n = 1000 (as rec-
ommended by Parsegian 1). Tests with higher
numbers for q and n were also performed but
no significant changes were observed. The cal-
culated Hamaker coefficient for the interaction
across oil (eq. 4) is a constant value of 1.63. For
the interaction across the electrolyte solution,
values between 2.67 and 3.14 were computed
(see Fig. S2).

The calculated potentials are shown in fig.5 of
the main text. For small distances, the free en-
ergy approaches values that compare well with
the measured adhesion energy of the protein
bilayers. Also a smaller interaction for oil as
medium than for water as medium is found.
Higher ionic strength, however, does not influ-
ence the vdW interaction across water signif-
icantly at the probed distances. In sum, the
qualitative behavior resembles the one found in
the experiments.

For a more quantitative description, however,
the whole interaction potential, i. e. electro-
static, steric, and possibly solvation and hydra-
tion forces, has to be considered. Only then, a
contact point can be defined and from that the
adhesion energy can be extracted. Still, this
would be a continuum description and as such

suffering from its limitations when describing
the contact of two layers consisting of macro-
molecules.

Discussion of the pendant drop and con-
tact angle measurements with respect to
the elasticity of the interface

As could be shown by several authors, fully
formed interfacial protein films from class II hy-
drophobins as HFBI and HFBII exhibit a di-
latational and shear elasticity3 4 5 6. This elas-
ticity leads to effects like buckling in Langmuir
trough measurements4 or elongated droplets
and wrinkling at the droplet neck in pendant
drop measurements7 8 9. The elasticity makes
the measurement of the surface energy compli-
cated since in such systems, the surface stress
is composed of the (thermodynamical) isotropic
interfacial tension and additional mechanical
contributions10 11. As a result, the Laplace
model for the droplet shape analysis is not ap-
plicable anymore, which is also indicated by a
large fit error5 9.

In our measurements, we tried to avoid the
solidification of the interface and the concomi-
tant problems concerning the interfacial ten-
sion. In the pendant droplet measurements,
this was done by a slight increase in the droplet
volume. This also mimics the situation in the
microfluidic channels where the fingers also in-
crease in volume (and hence also the surface
area increases) before they are contacted. With
the described procedure, we did not record an
increase in the fit error and did not record de-
formations in the microfluidic channels which
would result from an elastic behavior. The ob-
tained values for the interfacial tension have to
be seen, however, as an upper approximation of
the surface energy of the interface. Therefore
additional experiments as the one described be-
low were performed in order to validate at least
the order of magnitude of the obtained adhesion
energies.
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a) b)

Figure S3: a) Trajectory from the motion of an oil droplet covered with fluorescent protein (HFBI-
GFP) and observed with an epifluorescent microscope. In insert, a picture of the corresponding oil
droplet (in bright). b) Mean square displacement of HFBI-WT covered and stabilized oil droplets
on the protein covered bottom of the PDMS chip. The slope of the curves indicates a subdiffusive
behaviour of the oil droplets. This behaviour is less pronounced for an elevated temperature of
about 50 ◦C.

Consequence of the weak protein-protein
interaction on the mobility of small
droplets

Since the adhesion energy between the bilayer
sheets is only in the range of kBT , thermal
fluctuations should have an influence. To be
able to observe this influence, another set of
experiments has been performed. In a PDMS
chip prefilled with FC70, a large droplet of
buffered solution with a HFBI-WT concentra-
tion of 5µM was introduced into a reservoir (for
a description of the whole microfluidic chip’s
shape, see Hein et al. 12) filling it nearly com-
pletely and leave to rest. After 15–20 min-
utes, the oil between channel walls and the
droplet’s interface is drained off and the adsorp-
tion of the hydrophobins to the PDMS fixes the
droplet to the wall of the chip. Moreover, dur-
ing that time, small FC70 droplets with diam-
eters in the range from 1–5µm appear inside
the large droplet due to spontaneous emulsifi-
cation. Since FC70 is about two times denser
than water, these small oil droplets sink to the
bottom of the large droplet, where they perform
a diffusive 2D motion.

To confirm that the small oil droplets are
covered by hydrophobins and to accurately
track the diffusive motion traces, an additional

experiment with fluorescent hydrophobins,
i.e. a HFBI fusion protein with an attached
GFP (green fluorescent protein) domain (GFP-
HFBI)13, was performed. With these proteins
in the buffer, the small oil droplets as well as the
interface of the large buffer droplet showed a
strong fluorescence signal in epifluorescence mi-
croscopy under laser excitation (λ = 473 nm).
The trajectory of such a droplet is presented
in figure S3 a). Since the presence of the GFP
domain, however, certainly influences the inter-
action between the proteins, the wild type form
of HFBI was used in the experiments described
in the following. Even without the fluores-
cence, it is possible to record the trajectory of
individual droplets.

Since the small oil droplets are protein cov-
ered and sink to the bottom of the large droplet,
they will form a local bilayer with the protein
coating of the large buffer droplet. As the ad-
hesion energy of the bilayers is rather weak (in
the range of kBT ), the droplets are not immo-
bilized but rather hinder the two-dimensional
Brownian motion. Interestingly, the recorded
Brownian motion analysis at room tempera-
ture shows for the small droplets’ mean square
displacement at the large droplet’s bottom a
clear subdiffusive behavior with 〈∆X2〉 ∝ tα,
where α ≈ 0.5 (see figure S3). This subdif-
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fuse behavior may be attributed to the adhesive
interaction energy between the HBFI mono-
layer at the large buffer droplet’s interface and
the HBFI monolayer at the oil droplet’s sur-
face. Here, the hydrophilic parts of the HFBI
molecules interact, similar to the situation in
the hydrophilic core bilayer. If we consider the
protein pair interaction energy for this situa-
tion, which is 2.6(8) kBT , this energy should be
enough to temporally trap the droplets in con-
tact with a protein monolayer. It is, however,
not enough to allow a permanent trapping of
the droplets. To test this hypothesis, the Brow-
nian motion of the droplets was recorded with
an increased sample temperature of 50 ◦C. If the
motion was only due to a diffusive process, its
mean square displacement should should not
change its power law behavior with tempera-
ture. Instead, the droplet motion seems to re-
cover a normal diffusion (α ≈ 0.8). From this
simple test, it can be concluded that the pair
interaction energy between HBFI molecules is
in fact of the order of few kBT , which corrob-
orates the results from the contact angle mea-
surements.
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