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The properties and arrangement of surface-active molecules at
air-water interfaces influence foam stability and bubble shape.
Such multiscale-relationships necessitate a well-conducted
analysis of mesoscopic foam properties. We introduce a novel
automated and precise method to characterize bubble growth,
size distribution and shape based on image analysis and using
the machine learning algorithm Cellpose. Studying the temporal
evolution of bubble size and shape facilitates conclusions on
foam stability. The addition of two sets of masks, for tiny
bubbles and large bubbles, provides for a high precision of
analysis. A python script for analysis of the evolution of bubble

diameter, circularity and dispersity is provided in the Support-
ing Information. Using foams stabilized by bovine serum
albumin (BSA), hydrophobin (HP), and blends thereof, we show
how this technique can be used to precisely characterize foam
structures. Foams stabilized by HP show a significantly
increased foam stability and rounder bubble shape than BSA-
stabilized foams. These differences are induced by the different
molecular structure of the two proteins. Our study shows that
the proposed method provides an efficient way to analyze
relevant foam properties in detail and at low cost, with higher
precision than conventional methods of image analysis.

Introduction

Protein-stabilized foams are ubiquitous in everyday life - from
milk foam in a morning cappuccino to whipped cream on an
afternoon cake to beer foam in the evening. The macroscopic
appearance of foams is determined by their complex micro-
structure. Therefore, reliable characterization of the micro-
structure of different foams is a fundamental requirement for
understanding how molecular differences influence foam
stability and coarseness.

To characterize foam stability, traditionally the foam volume
at two different points in time is measured and the foam
stability is calculated by FS=Vt/V0, where Vt is the foam volume
at the later point in time and V0 is the initial foam volume.[1–7]

Commercially available foam analyzing instruments additionally
allow for analysis of bubble size.[8] However, these instruments
are quite cost-intensive and not readily available in most labs.
In contrast, the method developed in the following can be

applied to images taken with a common optical microscope
and freely available open-source software.

Image analysis of microscope images is a powerful tool that
allows for a quantitative analysis of microstructures.[9–11] To
determine the sizes of objects, such as bubbles in a foam, cells
in biological systems or ice crystals, diameters of these objects
can be measured manually using programs such as Fiji/
ImageJ.[12–14] This is easy to perform and does not require special
programming skills or financial investment in expensive instru-
ments. However, for large numbers of objects it can become
extremely time intensive. Therefore, a common method is to
just measure the ten largest objects with the drawback that
precision is compromised.[13]

Another method is, to set a threshold and convert the
image into a binary image. From the connected same contrast
pixels, objects can then be identified.[15–18] However, for objects,
which are not sufficiently separated from each other, whose
intensity profiles do not decay smoothly from the center, or if
the center of the object has the same color as the background,
the correct identification of the objects by this method is
difficult.[19]

Foams consist of air bubbles dispersed in a liquid, which are
stabilized by emulsifiers (surfactants, proteins). The thin liquid
films between bubbles are referred to as lamellae.[20,21] Wet
foams, which contain a higher liquid fraction, show larger areas
of liquid in between the bubbles. In a microscope image, such
parts of the continuous (liquid) phase have the same contrast
as the bubble interior. Therefore, methods of image analysis,
which are based only on a threshold are not sufficient to
adequately determine the bubble areas.

To provide additional criteria for segmentation and analyze
microscope images in an automated way, deep neural network-
based methods are frequently applied in the fields of cell
biology and biomedical applications.[19,22–31] These usually
require large training datasets to estimate the parameters for
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segmentation. Mostly, such models are trained on specialized
datasets and come with the drawback of not generalizing well
to other types of data.[19] Thus, Stringer et al. used a variety of
different training data in the process of developing the open-
source software Cellpose:[19] large datasets of cell images
obtained from different types of microscopy and using a variety
of fluorescent markers were collected and manually segmented,
as well as non-microscopy images containing large numbers of
repeated objects.

By including such data in the training set a neural network
was trained that generalizes more robustly and more widely.
When analyzing an image in Cellpose, the neural network
predicts horizontal and vertical contrast gradients and whether
a pixel belongs to any cell. These maps are then combined into
a gradient vector field, which is used to assign the pixels to
their eventual fixed point. All pixels converging to the same
fixed point are then assigned to the same mask. This approach
provided Cellpose a high precision compared to other segmen-
tation algorithms,[19] and avoids the above-mentioned disadvan-
tages of an exclusively contrast-based segmentation.

When applying software developed for segmenting cells to
foams, a challenge is the heterogeneous nature of foams. Since
cells of one tissue have a rather homogeneous size, segmenta-
tion software programs can have difficulties to detect very small
and very large objects at the same time. However, due to
Ostwald-ripening, foams offer a very broad size distribution.
Therefore, adequate analysis necessitates a procedure that can
detect tiny as well as large bubbles. Indeed, when reviewing
different methods of foam analysis, it becomes apparent, that
tiny bubbles are often not considered and their relevance is not
discussed.[17,32]

In the current article, a method is presented to precisely
analyze the temporal evolution of bubble shape and size over
the whole range of bubble sizes. Our considerations are based
on a script we wrote in the programming language Python to
analyze microscope images of liquid foams. We provide this
script in the Supporting Information accompanying this manu-
script. For pre-processing of the microscope images, we follow
similar steps as described by Bonilla et al., who used ImageJ.[32]

The images are then analyzed using Cellpose[11,19]. Cellpose offers
several pretrained models and can be further trained on own
data.[11] Additionally, it offers the possibility for manual
corrections of bubble masks via a graphical user interface (GUI).

In contrast to Bonilla et al.[32] or Saad et al.,[13] we here
implement a method to overcome the shortcomings of Cellpose
in terms of size range. Therefore, to improve the precision of
the method we append the possibility to merge two sets of
masks for each image to cover a larger size distribution. This is
unique and offers a higher precision in detecting the whole
bubble size range. Furthermore, we remove bubbles at the
edge of the microscope image, which are not shown com-
pletely. Removal of such edge bubbles adds to the precision of
analyzing the shape and correct size of the investigated
bubbles. The use of a machine learning algorithm and the
supplied script provide for a faster and more detailed analysis
than with conventional methods. Therefore, the presented

approach offers a fast and easy analysis of a large amount of
bubbles.

Furthermore, in contrast to Bonilla et al.,[32] we consider a
time series of microscope images to quantify foam stability. The
evolution of bubble sizes over time correlates with the stability
of a foam, since the mean bubble size increases with time due
to coalescence and Ostwald ripening.[20,33,34] The bursting of
bubbles and the escape of air from the foam leads to a
macroscopically observed foam decay.

To monitor the mean bubble size, we use the equivalent
bubble diameter, which is the diameter of a sphere with the
same area as the bubble. Furthermore, we characterize the
bubble size distribution by analyzing the dispersity of the
bubble sizes (areas). In addition, the bubble shape is considered
by analyzing the circularity of the bubbles in the foam. By these
means, we offer a method to quantify foam structure and
stability simultaneously.

Two model foams with different bubble characteristics,
stabilized by two proteins with different structures, bovine
serum albumin (BSA) and hydrophobin (HP), are considered to
illustrate how the method works. Due to their characteristic
primary and secondary structure, the proteins show different
arrangements at air-water interfaces, leading to very distin-
guishable foam structures. Consequently, it is useful to consider
mixtures of these proteins to test the method.

BSA is a “heart-shaped” protein with a molecular weight of
about 66.5 kDa.[35–37] It contains 583 amino acids (607 amino
acids including the signal peptide)[38] and is found in the blood
serum of bovines and cow’s milk.[39–41] HP on the other hand is a
small protein with a molecular weight of about 10 kDa[42] and a
primary structure containing about 100 amino acids.[43,44]

HPs are secreted by filamentous fungi and have multiple
biological functions.[42,43,45–47] This protein family is divided into
two classes, class I and class II hydrophobins. Representatives of
these two classes differ in their spacing between cysteine
residues, which are generally longer and vary more for class I
HPs.[48,49] Furthermore, class I and class II HPs differ in their
solubility, the location of hydrophobic patches at the protein
surface, and the structures they form upon assembly at hydro-
philic : hydrophobic interfaces.[46,50] In the current study a class I
hydrophobin is used.

Furthermore, HPs are highly surface-active proteins due to
their almost janus-like amphipathic nature[51] and their
rigidity.[52] HPs contain 4 disulphide bonds which stabilize the
core.[44] The high core stability ensures the exposition of a large
hydrophobic patch to the protein surface,[44,53] which provides
HPs with surfactant like characteristics.[45,54] At a hydrophilic:
hydrophobic interface, HPs spontaneously self-assemble into an
amphipathic protein layer.[44] Due to their properties, HPs lower
the surface tension significantly[44,47,55,56] and the HP layers at the
air-water interface show a high elasticity.[51] They are known to
form some of the most stable aqueous foams.[45,57–59]

The tertiary structures of BSA and HP are shown in Figure 1
to illustrate their fundamental differences in shape and primary
structure, which determine their surface activity and cause
distinct variations in bubble shape, size distribution, and growth
rate after foam preparation.
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Materials and Methods

Sample Preparation

BSA (A7030, heat shock fraction, protease free, fatty acid free,
essentially globulin free, pH 7, �98%) from Sigma–Aldrich (Saint
Louis, MO, USA) and HP (H*B hydrophobin) from BASF (Ludwigs-
hafen, Germany) were used as-received. To ensure complete
dissolution, HP solutions were stirred for 48 h (cf. Ref. [48,60]).
Solutions of 4 wt% protein in ultrapure water (18.2 MΩcm) were
prepared. This protein concentration was chosen, because whip-
ping requires a protein concentration of 3% to 40%[61] and because
it resulted in smooth foams.

Foam Formation

For foam formation a T 25 easy clean control ULTRA TURRAX (IKA-
Werke GmbH & Co. KG, Staufen, Germany) equipped with
dispersion tool S 25N-10G was used. 2 g of protein solution were
dispersed at a speed of 20000 rpm for 1 min. The glass vessel used
for foaming the protein solution was a custom-built glass cylinder
with overflow protection in the upper part. The inner diameter of
the glass cylinder was 13.6 mm, the height of the cylinder without
overflow protection was 65 mm and the total height of the glass
vessel was 90 mm. An image of the glass vessel is shown in
Figure 2. The larger diameter in the upper part prevents over-
flowing of the foam (overflow protection).

Optical Microscopy

Immediately after preparation, 0.01 g of foam were transferred to a
microscope slide using a microspoon and then covered with a
cover slip. Three little pieces of teflon film with a thickness of
50 μm served as spacer between microscope slide and cover slip.
Bright field optical microscopy with 1.6-fold magnification was
performed in transmission mode using a Leica MS5 stereomicro-
scope (Leica Microsystems GmbH, Wetzlar, Germany). Microscope
images were taken every 5 min for 30 min. Microscopy was
performed for three identical samples.

Image Analysis

Data was analyzed using a Fujitsu (Minato, Tokyo, Japan) Esprimo
P757 computer with Intel®Core™i7-6700 CPU @ 3.40 GHz,
3408 MHz, 4 cores, 8 logical processors and 16.0 GB of RAM
operating in Microsoft (Redmond, WA, USA) Windows 10 Pro.

For image analysis Cellpose[11,19] and Python (Python Software
Foundation, version 3.8.8) were used.

Pre-processing was performed in Python applying gaussian blur
filter (cv2.GaussianBlur), image subtraction (cv2.subtract (2 times)),
kuwahara filter (pykuwahara 0.3.2), background subtraction (skima-
ge.restoration.rolling_ball, skimage.restoration.ellipsoid_kernel) and
contrast enhancement (PIL.ImageEnhance.Contrast) to the original
images.

Cellpose was trained on microscope images using the GUI. The pre-
defined model “CP” was taken as starting point and was adjusted
by training on one own image to adjust for tiny bubbles and
another own image to adjust for large bubbles. To identify the
foam bubbles, the images were processed in the Cellpose GUI with
the trained model. Slight corrections to bubble masks have been
made in individual cases. Cellpose provides a “_seg.npy”-file, which
contains an array of the bubble masks. In this array, each pixel of
the image is labelled with a number. The background is labelled
with 0 and all masks are labelled with ascending integers.

Further analysis was performed in Python to add masks of small
and large bubbles, remove edge bubbles and analyze bubble
properties. To obtain the equivalent diameter, the area, and the
crofton perimeter of each mask, we used the package skimage.-
measure.regionprops_table. The mean equivalent bubble diameter
of all bubbles in an image, the mean circularity, and the dispersity
were calculated from these data. When calculating the mean
circularity, only circularities of bubbles with an equivalent diameter
larger than 10 pixels were considered to minimize uncertainties
caused by image resolution. Mean and standard deviations of
measurements of three identical samples were calculated. For each
quantity the time-dependent cause was evaluated.

Results and Discussion

Image Processing and Analysis

Figure 3 shows the workflow of the image analysis. An optical
microscope image is shown in Subfigure a (upper left). The
edges of the bubbles are darker, however, the insides of the
bubbles have the same contrast as the lamellae. Subfigure b
(upper right) displays the pre-processed image. A gaussian blur
filter, image subtraction and kuwahara filter are applied to
reduce image noise. Subsequently, the background subtraction

Figure 1. Surfaces of the protein structures of (a) HP (UP-ID: P16933,
containing 136 amino acids) and (b) BSA (UP-ID: P02769, containing 583
amino acids). Hydrophobic amino acids are colored in red and hydrophilic
ones in blue.[38]

Figure 2. Glass vessel used for foam formation with ultra turrax tool inserted.
The upper part with larger diameter prevents the foam from overflowing
during ultra turrax treatment.
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is used to smooth the background. Finally, the contrast of the
image is enhanced. All preprocessing steps are performed using
Python.

After image pre-processing, Cellpose is used to identify the
bubbles, as shown in Subfigure c (lower right). The contrast of
the edges is used to identify the bubbles. In the segmentation,
the bubbles become individual masks and are colored randomly
to improve the discriminability. An array containing all bubble
masks is saved. The quantification and evaluation of the
bubbles is done in Python. If there is a very heterogeneous size
distribution of the bubbles, Cellpose is not able to detect all
bubbles in an image. Our Python script allows to add two sets
of masks (one for small bubbles and one for large bubbles) to

solve this problem and to identify bubbles in a larger size
range.

In our Python code, edge bubbles are neglected. The image
in Subfigure d (lower left) shows the remaining bubble masks in
different colors. These are overlaid with the preprocessed
microscope image so that removed bubbles are shown in white.
If only a small part of a bubble is visible in the image, treating
that part as a whole bubble can distort the statistical analysis,
especially in the case of large bubbles. To remove edge bubbles
the criterion:

Figure 3. Image processing: The original microscope image is pre-processed to reduce background noise and enhance contrast. Bubble masks are detected
using Cellpose (Segmentation). Subsequently, masks of edge bubbles are removed. From the remaining masks bubble areas and perimeters are determined,
averages are calculated and the mean equivalent diameter, mean circularity and dispersity are calculated for each image.
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l ¼
<

1
4 dequ ) consider bubble

>
1
4 dequ ) do not consider bubble

8
<

:
(1)

is applied, where l is the length (number of pixels) the bubble
shares with the edge of the image and dequ the equivalent
diameter of the bubble. Figure 4 illustrates this approach.

Cellpose provides an array with bubble masks, that can be
analyzed in Python. The bubble areas, equivalent diameters, and
perimeters (in pixels) for all detected masks can be obtained
using the scikit-image library. The equivalent diameter is the
diameter of a circle with the same area as the bubble, as noted
in Eq. (2):

dequ ¼

ffiffiffiffiffiffiffi
4
p
A

r

(2)

where A is the actual bubble area in the microscope image. For
each image, we calculate the mean equivalent bubble diameter
of all bubbles in the image.

To characterize the shape of the bubbles, the circularity of
each bubble is calculated as:

c ¼
4pA
p2 (3)

where A is the area of the bubble and p is the perimeter. The
circularity is 1.0 for a perfect circle and as it approaches 0.0, it
indicates an increasingly elongated shape. Subsequently, the
mean circularity of all bubbles in one image is calculated.

The characterization of the bubble size distribution in an
image is done by calculation of the dispersity. Analogously to
polymer chemistry, where the dispersity of molar masses is
given by:[62,63]

D ¼
Mw

Mn
(4)

with Mw mass weighted average of the molar mass and Mn

number weighted average of the molar mass, we define the
bubble dispersity:

D :¼
Aa

An
(5)

where Aa is the area weighted average of the bubble areas and
An is the number weighted average (=mean) of the bubble
areas.

Optical Microscopy of HP- and BSA-Stabilized Foams

Figure 5 shows pre-processed optical microscope images of HP-
and BSA-stabilized foams at different time steps. Clear differ-
ences in the temporal behavior can be distinguished between
foams only containing HP and those only containing BSA. The
bubble shape, size distribution and growth rate vary signifi-
cantly between these foams. A visual comparison of the
microscope images of these two different foams (first and last
row in Figure 5) shows that the bubbles in the BSA-stabilized
foam have a broader size distribution and their increase in size
is more pronounced. Over time, the bubble shape changes
from spherical to polyhedral. The bubbles in the HP-stabilized
foam not only have a narrower size distribution and remain
smaller over time, but also have a different shape. Although the
HP-stabilized foam bubbles become less spherical over time,
the vertices remain rounded.

Additionally, Figure 5 also shows microscope images of
foams stabilized by blends of HP and BSA (rows two through

Figure 4. Illustration of the removal of edge bubbles. Edge bubbles with l> 1
4 dequ are removed. l is the length the bubble shares with the image edge, dequ is

the equivalent diameter of the bubble calculated from its area.
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four). Three different ratios of HP to BSA were considered (3 : 1,
2 : 2, and 1 :3). The foams stabilized by mixtures of HP and BSA

are less stable than foams stabilized by HP alone, but more
stable than foams stabilized by BSA, since the bubble sizes

Figure 5. Microscope images of foams stabilized by HP (first row), HP-BSA mixtures (second to forth row), and BSA (last row). Time proceeds from left to right.
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grow faster than for HP- but slower than for BSA-stabilized
foams. BSA-stabilized foams have the widest bubble size
distribution. The bubble shapes of foams stabilized with blends
of HP and BSA look more like the purely BSA-stabilized foams.
To quantify these visually observed differences, the temporal
evolution of the mean equivalent bubble diameter was
analyzed and the dispersity and mean circularity of the bubbles
were calculated.

Temporal Evolution of Mean Bubble Size

As foams age, the mean bubble size increases due to
coalescence and Ostwald ripening.[20,33,34] As the bubbles grow
and burst, the foam decays. Therefore, the mean bubble size
over time is a measure of foam stability. Figure 6 shows the
mean equivalent bubble diameter over time for HP- and BSA-
stabilized foams. Throughout the measurement period, the
mean bubble size of HP-stabilized foams remains significantly
smaller than that of BSA-stabilized foams. Proteins can adsorb
at an air-water interface due to hydrophobic amino acid
residues.[64] As with most proteins, the majority of the surface
amino acid residues of BSA are hydrophilic.[38,64]

However, BSA also has some hydrophobic amino acids on
its surface that allow it to attach to the bubble surfaces and
thus stabilize the foam. HP has a different molecular structure
with a large hydrophobic part on its surface, which makes it a
very surface-active molecule.[44,64] At air-water interfaces, HP
molecules pack very tightly and form very strong films that can
significantly resist bubble shrinkage.[64]

Class I hydrophobins form insoluble rodlet films at air-water
interfaces when the surface membrane gets compressed.[45]

Since foams are dynamic systems where bubbles shrink and
others grow at their expense (Ostwald ripening),[59,65,66] the HP
films at the interface are not static either. The HPs at the surface
of a shrinking bubble experience compression and can there-
fore form rodlet structures. These very stable films around the
small bubbles prevent further shrinkage. As a result, larger
bubbles cannot grow at their expense and the foam becomes
more stable as observed by optical microscopy.

In addition, HP has a lower molecular weight than BSA.
Therefore, it can move faster to the interface, assemble at the
interface while the bubbles are still small, and stabilize the

bubbles in the liquid. By forming stable HP films, the bubbles
stay smaller. Furthermore, HP has the ability to significantly
lower the surface tension and achieves lower surface tensions
than BSA.[44,56] A lower surface tension allows for a larger surface
area. The surface of more smaller bubbles adds up to a larger
area than a smaller number of larger bubbles filled with the
same total volume of air. The lower surface tension caused by
HP favors the many small bubbles observed in HP-stabilized
foams.

Temporal Evolution of Circularity

As discussed in the literature, foams dry during aging and the
bubble shape changes from spherical to polyhedral.[67–69] These
changes in bubble shape can also be seen in the microscope
images in Figure 5. When looking at the microscope images, it
is noticeable that the bubble shape varies between HP-
stabilized and BSA-stabilized foams. BSA-stabilized foams form
polygonal shapes as they age. Although the overall shape of
the bubbles in HP-stabilized foams is similar to polygonal, the
vertices are rounded.

Circularity compares the area of the bubble to the area that
a circle with the perimeter of the bubble would have, and is
therefore a measure of how close the shape of the bubble
under consideration is to that of a perfect circle. We use
circularity to compare the bubble shapes of BSA-stabilized and
HP-stabilized foams. Figure 6 shows the temporal evolution of
the bubble circularity of HP- and BSA-stabilized foams. Over
time, the circularity of the bubbles decreases as the bubble
shape changes from circular to polygonal. This decrease in
circularity with time is observed for both systems. At t=0, both,
HP- and BSA-stabilized foams show a mean circularity close to
1. This means that the bubbles are spherical, which is consistent
with what can be observed in the microscope images. However,
at all later time steps, the circularity of the HP-stabilized foams
is significantly higher than that of the BSA-stabilized foams,
which means that the bubbles in the HP-stabilized foams have
a rounder shape (their shape is closer to a circle). The bubbles
in the HP-stabilized foams are less elongated than some
bubbles in the microscope images of the BSA-stabilized foams.
In addition, the vertices of the bubbles in the HP-stabilized

Figure 6. Comparison of the temporal evolution of mean equivalent bubble diameter, mean circularity and dispersity of HP- and BSA-stabilized foams.
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foams are rounded. Both of these effects cause the higher
circularity observed in the HP-stabilized foams.

Temporal Evolution of Dispersity

To quantify the variation in bubble size within an image, we
calculated the dispersity of the bubble size. The temporal
behavior of the dispersity of HP- and BSA-stabilized foams is
shown in Figure 6. Especially in the beginning there are many
small bubbles and few large bubbles. Therefore, a higher
dispersity is observed (especially for BSA-stabilized foams). Over
time, Ostwald ripening and coalescence cause small bubbles to
disappear. Therefore, the distribution of bubble sizes shifts and
the dispersity decreases.

HP-stabilized foams show a more homogeneous bubble size
distribution and smaller dispersity than BSA-stabilized foams.
This result is consistent with the visually observed foam
properties in the microscope images. The narrower size
distribution observed for HP-stabilized foams can be explained
by the adsorbed HP-film at the air-water interface. Due to their
special properties, HPs pack very tightly and form strong films
at the air-water interface.[64] These films stabilize the air bubbles
well in the liquid. As a result, they remain smaller.

HP-BSA Mixtures

Figure 7 shows the temporal evolution of the mean equivalent
bubble diameter, mean circularity and dispersity of foams
stabilized by mixtures of HP and BSA compared to systems
stabilized by one of these proteins. Mixtures were investigated
at different ratios: 3 wt% HP +1 wt% BSA, 2 wt% HP +2 wt%
BSA, and 1 wt% HP +3 wt% BSA. The differences in between
the foams stabilized by mixtures are distinctly less pronounced
as compared to purely HP-stabilized foams.

HP forms monolayers with very regular patterns (rodlets) at
the air-water interface.[45] As explained above, these highly
amphipathic layers stabilize the foam well. Foam stability
decreases significantly when BSA is added to HP foams: All
foams stabilized by blends of HP and BSA show mean bubble
diameters closer to those of BSA-stabilized foams than to those

of HP-stabilized foams. Only at the end of the measurement
period, the mean bubble diameter of foams stabilized by HP-
BSA mixtures becomes distinguishably smaller than that of BSA-
stabilized foams, but still remains significantly larger than that
of HP-stabilized foams. Therefore, BSA seems to impede the
regular arrangement of HP molecules at the interface. Con-
sequently, the structures of the protein networks at the air-
water interface are less regular and the emulsifying proteins are
not able to achieve the same stability as in HP-stabilized foams.

The microscope images and the results of the analysis also
show that the bubble shapes of foams stabilized by blends of
HP and BSA are more similar to BSA-stabilized foams. The
circularity of foams stabilized by HP-BSA blends is comparable
to that of foams stabilized by BSA alone, while HP-stabilized
foams show significantly higher circularity. For the dispersity,
the trend is less pronounced. Mixtures of HP and BSA show
dispersities in between those of BSA- and HP-stabilized foams
with 2 wt% HP +2 wt% BSA showing a similar dispersity as
4 wt% HP.

These investigations show that differences in foam structure
in relation to molecular differences can be well characterized by
choosing the three parameters equivalent bubble diameter,
circularity, and dispersity resulting from image analysis. This can
be achieved using simple methods and freely available
software. Therefore, the developed method can be used to
study different systems and understand how they influence
foam stability and structure.

Bubble Diameter Distribution

The dispersity of the equivalent bubble diameters offers a
measure of the bubble size distribution. However, to investigate
the bubble diameter distribution in more detail, histograms of
the equivalent bubble diameters are shown in Figure 8. Each
histogram includes the bubbles detected for three identically
prepared samples. Additionally, in each plot the histograms of
the bubble size distributions at the beginning, after 15 min and
after 30 min are shown to investigate the temporal evolution.
Over time, the bubble size distribution becomes broader in
every investigated case. This trend can be explained by
Ostwald-ripening. Over time, large bubbles grow and small

Figure 7. Comparison of the temporal evolution of mean equivalent bubble diameter, mean circularity and dispersity of HP- and BSA-stabilized foams, as well
as differently concentrated mixtures of HP and BSA.
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bubbles shrink due to the pressure differences between differ-
ently sized bubbles (Laplace pressure).[20,70,71] The growth of
large bubbles at the expense of small bubbles leads to a
broader bubble size distribution. The disappearance of tiny
bubbles due to Ostwald ripening is further observed in the
histograms and represents one of the most obvious temporal
changes, especially at the beginning of the process. Therefore,

the detection of tiny bubbles is important to study Ostwald
ripening.

To compare the different proteins and their mixtures see
Figure 9. With increasing BSA content, the size distribution
becomes broader, which is in agreement with the higher
dispersity and the presence of larger bubbles at the beginning
of the measurements.

Figure 8. Temporal evolution of the equivalent bubble diameter distribution. Ostwald ripening leads to a broader size distribution in the course of time.

Figure 9. Temporal evolution of the equivalent bubble diameter distribution. Samples with a higher BSA content show a broader size distribution.
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Economic Aspect

The employed software in the current method for automated
analysis of the temporal evolution of foams is freely available
and we provide the code for data analysis in the Supporting
Information. Therefore, the costs for using the proposed
method are lower than commercially available software.

Furthermore, the time investment is lower by using the
proposed method than by using uncommercial analytical
methods classically applied in fundamental research. A classical
way of analyzing the sizes of bubbles in a foam is to measure
the bubble size by hand.[12–14] The microscope images used in
this study contain about 200 to 5000 bubbles each. Measuring
100 bubble diameters manually by drawing corresponding lines
in ImageJ takes about 4 min to 10 min, which corresponds to
about 2.5 s to 5 s per bubble. The needed time depends on the
bubble size. To measure all bubble sizes in one image would

then take between 17 min and 7 h depending on the number
of bubbles contained in the image. Therefore, this method is
very time intensive. Alternatively, one could only measure a few
bubbles by hand to reduce the invested time. However, this
approach biases the precision of the analyzed data.

The segmentation with Cellpose takes, depending on the
number of bubbles, between 5 s and 60 s (about 70 s for two
sets of masks) per image. Including the data analysis with our
script, the total time of segmentation and analysis is about
2 min. Figure 10 shows a comparison of measuring the bubble
diameters manually and analyzing the bubble properties with
the presented approach. Manual measurement of the bubble
diameter not only takes more time, but also does not provide
information about the bubble shape.

Another approach is to threshold an image and determine
the object sizes from the areas of connected same color pixels
in the binary image. Figure 11 shows a section of a microscope

Figure 10. (a) Microscope image of foam, where 100 bubble diameters where measured by hand using ImageJ.[72] The required time was 4 min 26 s.
(b) Segmentation of small bubbles performed with Cellpose on the same microscope image. The required time was 57 s. (c) Segmentation of large bubbles.
The required time was 5 s. (d) Addition of small and large bubble masks. The required time for adding the masks and analyzing the bubble properties was
35 s. Therefore, in total 1 min 37 s were required to analyze the image with the proposed method. For better visability, cutouts of the images are shown. To
see the whole image, refer to Subfigure 5i.
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image of a HP foam and the same image where a threshold was
applied using ImageJ.[72] Since the interior of the bubble and of
the continuous phase have the same gray level, the difference
cannot be extracted using a threshold. Therefore, thresholding
is not sufficient for detecting objects in these kinds of samples.
For this reason, the use of a machine learning algorithm and/or
the possibility for manual correction leads to higher precision in
detecting the bubbles correctly.

Furthermore, the Cellpose GUI offers the possibility to
manually correct bubble masks to improve the precision. To
what extend this option is used, is up to the user.

With the addition of two (or more) sets of masks for tiny
bubbles and larger bubbles, our suggested method provides a
greatly improved precision.

Conclusions

The developed method proves to be a useful and relevant tool
for quantitative analysis of microscope images. It allows
automated analysis of the temporal evolution of foams,
including bubble growth, size distribution and bubble shape.
Variations caused by different emulsifiers can be detected and
analyzed quantitatively and economically, offering great advan-
tages over expensive setups commonly used to determine
bubble stability. The investigations show that the data analysis
is consistent with visual observation. The large number of
bubbles detected in each image provides significant statistics to
ensure the reproducibility of the calculated quantities.

The example analysis of HP- and BSA-stabilized foams
shows that the choice of emulsifier influences the foam
structure and stability. Bubble size and shape vary depending
on the properties of the emulsifier. The two proteins selected
have different molecular structures. HP has a large hydrophobic
patch on its surface and assembles into very strong films with
regular patterns at the air-water interface.[44,45,64] These proper-
ties result in a significantly more stable foam and a rounder
bubble shape. By analyzing microscope images with the

presented method, it is demonstrated how mixing the two
proteins influences their arrangement and the resulting
stability.

Thus, using simple laboratory equipment and open source
software, we are able to introduce our developed method as a
way to analyze foams and draw meaningful conclusions.
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Figure 11. (a) Microscope image and (b) thresholded image of a HP foam. The red arrows mark example areas of continuous phase, which cannot be
distinguished from bubble interior by contrast alone.
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