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ABSTRACT

The “creaming reaction,” a general thickening of the
molten cheese mass during the manufacture of pro-
cessed cheese, which is often seen to occur in a stepwise
fashion, affects the viscosity and texture of the finished
product. Thus, this phenomenon is of critical impor-
tance for the processed cheese industry, yet mechanisms
underlying the structure formation in this surprisingly
complex and dynamic food system are only poorly un-
derstood. Using a model system consisting of micellar
casein concentrate, vegetable oil, water, and a mixture
of melting salts, we followed the characteristic viscosity
profile with its primary and secondary increase over
time. A rheometer equipped with a custom-made cup
geometry was used, which served as a mini-reaction
vessel to simulate the conditions during the manufac-
ture of processed cheese. The mixture was subjected to
constant heat (90°C) and stirring (7.93 rpm), compa-
rable to processed cheese cooking, for up to 410 min.
At specific time points, samples were taken, and the
micro- and ultrastructure was investigated with light
and transmission electron microscopy. Results from our
extensive study uncovered the following key steps: (1)
a decrease in fat globule size with concomitant increase
in the number of fat globules, which were also more
evenly distributed; (2) a progressive separation of the
casein matrix into fibrillogenic and nonfibrillogenic
fractions; (3) formation of fibrils and their higher-order
structuring followed by their partial degradation; and
(4) increasing interactions of the fibrils with the fat
globule surface leading to a higher degree of emulsifica-
tion. Of these different observations, results indicate
that after the caseins dissociated under the influence of
the melting salts, protein—protein interactions were the
primary driver of the structure formation and thus con-
tributed to the initial viscosity increase. Fat globules

Received December 24, 2020.
Accepted April 12, 2021.
*Corresponding author: almut.vollmer@usu.edu

were involved in the structure formation at later time
points. Therefore, fat—protein interactions in addition
to continued protein—protein interactions were assumed
to contribute to the secondary viscosity increase. An
updated processed cheese creaming model is presented.
The use of the term “texturization” instead of “cream-
ing” is proposed.

Key words: creaming reaction, electron microscopy,
fibrils, multistep structure formation, texturization

INTRODUCTION

Compared with natural cheese, processed cheese is
a relatively new category of dairy product. Driven by
the desire to increase the shelf life of natural cheese,
processed cheese was invented a little over 100 yr ago
independently in Europe and the United States (Zeh-
ren and Nussbaum, 1992). Initially, processed cheese
was made by adding only citrate salts, phosphate salts,
or both to comminuted, traditionally manufactured
cheese that was then heated (typically >80°C) under
constant stirring to form a homogeneous molten mass.
Upon cooling, this mass set to a dairy product that
not only was more shelf stable, even at room tempera-
ture, but also displayed different textural and sensory
characteristics than the original cheese it was made
from. This, along with modifications to formulations
and process parameters, led to a rapid increase in the
application range and hence popularity (Zehren and
Nussbaum, 1992). Although today’s manufacture of
processed cheese is principally straightforward, it is far
from being foolproof, and even minor deviations from
established formulations or process parameters can re-
sult in products with undesired textural or organolep-
tic attributes with potentially large losses in sales and
profit. The structure formation during the manufacture
of these kinds of products is not well understood, which
can lead to high degrees of product variability affect-
ing consumer acceptance. In particular, the so-called
creaming reaction, as it is commonly referred to in the
processed cheese industry, deserves special attention
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here. Simply put, the “creaming reaction” or “creaming
effect” describes an often stepwise increase in viscosity
of the molten mass during and after the cooking step
before filling into tubes or cooling in thin layers for
the production of processed cheese slices (Guinee et
al., 2004; Fu et al., 2018). This is not to be confused
with the migration of fat droplets in unhomogenized
milk, a process also known as “creaming.” Creaming
in the context of processed cheese products determines
the viscosity and texture of the final product and there-
fore can, in principle, be used to monitor and modify
the textural properties of the final product. “Under-
creamed” processed cheese is said to be too soft, where-
as “overcreamed” processed cheese is characterized by a
hard, grainy texture with decreased melting properties
(Berger et al., 1998). “Well-creamed” processed cheese,
as the name implies, exhibits the expected texture and
melting characteristics of a particular processed cheese
product.

From a physicochemical point of view, processed
cheese can be considered as an oil-in-water emulsion
that rapidly forms as a result of the action of the melt-
ing or emulsifying salts (sodium citrates and sodium
phosphates) on the protein phase. The main function
of these salts is to sequester calcium, an essential struc-
tural element in the casein matrix and the casein mi-
celle, respectively (Berger et al., 1998). In the presence
of melting salts and aided by temperature and stirring,
the caseins (ag;-CN, ag-CN, 3-CN, and k-CN) dissoci-
ate from the cheese matrix, or from the casein micelle
when micellar casein concentrate is used. They hydrate,
swell, and solubilize, which allows them to quickly ad-
sorb to the fat globule surface, thereby leading to a
stable emulsion (Guinee et al., 2004).

The attractiveness of processed cheese products with
their wide range of applications is somewhat curtailed
by the surprising complexity of the system as a conse-
quence of using a broad range of incoming raw materi-
als (soft, semihard or hard cheeses in varying ratios and
at different cheese-ripening levels) with hard-to-define
physicochemical properties of the mixture (i.e., degree
of proteolysis and thus concentration of intact casein),
and the phenomenon of the creaming reaction. In an
extensive study by Lenze et al. (2019) on the compo-
sitional factors and process parameters affecting the
creaming reaction, the authors clearly demonstrated
this point. Using a rheometer with a 2-blade stirrer
in a custom-made cup geometry to mimic the manu-
facture conditions in an industrial tank, they followed
the changes in apparent viscosity in real time in both
a cheese system and a model system. The observed
viscosity profiles were characterized by an initial phase
with relatively low viscosities followed by an exponen-
tial rise, a plateau phase, and a second exponential
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rise. This characteristic (i.e., stepwise) profile changed
at times drastically in relation to changes in the fat
content, fat pretreatment, protein concentration, and
addition of rework (cheese that had already undergone
the processed cheesemaking procedure). Other factors,
such as temperature, stirring speed, protein source, pH,
and type of emulsifier were also shown to influence the
shape of the viscosity profile (Rock, 2010). Although of
high practical relevance to the processed cheese indus-
try, the underlying mechanisms leading to the creaming
reaction; that is, the increase in viscosity, have seen only
limited attention. The formation of a finely emulsified
fat phase in the system containing cheddar cheese, as
observed by light microscopy in samples taken during
the creaming reaction, led Lenze et al. (2019) to confirm
earlier conclusions that the degree of emulsification was
one possible mechanism (Rayan et al., 1980; Kalab et
al., 1987). In the same study, transmission electron mi-
croscopy (TEM) images of freeze-etched samples from
the model system showed subtle changes in the protein
phase, and the authors expanded their view to include
protein interactions as another possible mechanism.
This had already been put forward by Heertje (1993)
after analyzing chemically fixed samples that were tak-
en during the processing time with TEM, which showed
slightly more pronounced changes in the protein phase,
particularly toward the end of the processing time. Lee
et al. (2003) added additional insights to the conclu-
sion drawn by Heertje (1993) when they studied the
rheological behavior and microstructure of traditional
processed cheese and fat-free model processed cheese.
They postulated that protein interactions were the
main driver of the structure formation based on the
recorded characteristics of the viscosity increase in both
the processed cheese of a typical formulation (i.e., with
fat) and the fat-free model processed cheese. However,
peak viscosities in the fat-free system were lower than
in the typical formulation, were reached later during
processing, and markedly decreased toward the end of
processing. These results were interpreted by ascribing
fat a secondary role; that is, as a modifier or plasticizer.
This contradicts Berger et al. (1998), who stated that
the creaming reaction could only occur in the presence
of fat.

Although results from these studies comprise a good
starting point, they do not conclusively show the exact
mechanisms underlying the structure formation re-
sponsible for the observed viscosity change during the
creaming reaction. An understanding of the creaming
reaction at its mechanistic level is indispensable for the
design of cheese manufacturing lines to better control
and standardize the processing conditions during and
after the cooking step. This would reduce product
variability and might also assist in the development of
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novel processed cheese products. The aim of our study,
therefore, was to investigate the emulsification process
and protein interactions in more detail by high-reso-
lution TEM augmented by light microscopy (LM) of
samples taken along the creaming reaction. We built on
the processed cheese model system used by Lenze et al.
(2019) with some modifications to reduce complexity
and, therefore, the number of possible confounding fac-
tors. We chose a set of processing parameters that was
shown to lead to the characteristic profile but with a
higher sampling frequency to obtain a better picture of
the structural changes taking place during the cream-
ing reaction and how they are related to each other.

MATERIALS AND METHODS
Experimental Setup

All experiments were performed with a rheometer
(MCR 702, Anton Paar GmbH) in speed-control mode.
A custom-made stainless-steel geometry, as shown in
Figure 1, was used. It consisted of a cup with an inner
diameter of 65.9 mm and a height of 30.0 mm. The cup
was closed with 2 removable lid halves that fit securely
around the measuring bob axis without impeding its
movement. A lip on the lower side of each lid half en-
closed the top of the cup when fully assembled and thus
prevented lateral movement and also minimized evapo-
rational loss from the sample. A custom-made 2-blade
stirrer (60.5 mm x 10.2 mm x 1 mm) connected to the
measuring bob axis (without Toolmaster).

Composition of the Processed Cheese
Model System

Ingredients of the processed cheese model system are
listed in Table 1 with their respective percent amounts
and target values for pH and DM content. The protein
source was micellar casein concentrate (M CC) powder,
which was manufactured according to Dumpler (2018) at

Figure 1. (A) Rheometer with custom-made geometry and 2-blade
stirrer in (B) fully closed position and (C) with one lid-half removed
during a practice run for presentation purposes.

the Technical University of Munich, Germany. In brief,
300 L of skim milk (Molkerei Weihenstephan GmbH &
Co. KG) was concentrated by microfiltration at 50°C
and diafiltered against simulated milk ultrafiltrate. The
concentrate was spray-dried at 190°C and 80°C (inlet
and outlet temperatures, respectively) and stored in
air-tight dark plastic bags at 4°C until further use. The
protein content of the MCC powder was quantified by
reversed phase-HPLC to be 85%, of which 98% was
casein and 2% was whey protein (Dumpler et al., 2017).
The fat source was sunflower oil purchased from a local
grocery store, with a total combined unsaturated fatty
acid content of 85.4% as quantified by gas chromatog-
raphy analysis at the Technical University of Munich.
Salts used were of analytical grade and purchased from
either Merck KGaA or Carl Roth GmbH.

Table 1. Formulation of the processed cheese model system with target values for pH and DM content

Amount, %

Ingredient Source (chemical formula) (wt/wt)
Protein Micellar casein concentrate 18.42
Fat Sunflower oil 19.59
Water Milli-Q water 58.48
Emulsifying salt Trisodium citrate, dibasic (NazCsH;07-H,0) 0.44

Disodium phosphate dihydrate (Na,HPO,-2H,0) 0.44

Pentasodium triphosphate (NazP3;0) 1.75
Acidulant Citric acid monohydrate (CsHgO7-H,0) 0.88
Target pH 5.88
Target DM 40%
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Preparation and Analysis of the Premix

For each experiment, a batch (referred to as premix)
of 68.5 g was freshly prepared by first dissolving the
salts with salt-free water in a glass beaker. The mix
was then added to the sunflower oil (in a second glass
beaker) and briefly pre-emulsified with a dispersing in-
strument (T25 digital Ultra-Turrax, IKA Werke GmbH
& Co. KG). Last, the MCC powder was added and
dispersed for 1 min at speeds up to 10,400 rpm. pH val-
ues of the premix were determined in duplicates using a
solid-state pH electrode (InLab Solids, Mettler Toledo),
and DM was measured, also in duplicates, using a rapid
moisturizer/solid analyzer (Smart 6, CEM GmbH). The
pH of the premix was 5.88 + 0.02 (mean + SD), and
the DM content was 40.3% + 0.2 (mean + SD).

Heat-Shear Treatment and Sampling

Forty grams of the freshly made premix was trans-
ferred to the preheated (90°C) rheometer cup, the mea-
surement position of the stirrer set to 160 pm above
the bottom of the cup, the 2 lid halves carefully placed
on top of the cup so as to not impair the movement
of the measuring bob axis, and the run was started.
The mix was stirred and thus sheared (temperature,
90°C; rotational speed, 7.93 min_l) for up to 410
min, and the change in torque exerted on the stirrer
of the custom-made geometry, as an indirect measure
of viscosity, was recorded every 15 s. At certain time
points (15, 50, 175, 275, 315, and 410 min), reflective
of characteristic phases in a typical viscosity curve as
determined by Lenze et al. (2019) and elsewhere (data
not shown), the rotational speed was reduced (0.218
min~') to allow for even distribution of the mixture in
the rheometer cup, followed by cooling of the sample to
4°C (0.580°C min ). This slow cooling rate was chosen
to mimic conditions in a typical cooling chamber. Once
the mixture had reached the final temperature, the ge-
ometry was disassembled, and samples were taken for
the determination of pH and DM content as already
described. Samples were also taken for LM and TEM
and processed as described below. Due to the destruc-
tive nature of sampling, each sample originated from an
independent run with each run performed twice for a
given time point, totaling 12 samples.

Light and Transmission Electron Microscopy

Materials. When not otherwise stated, materials
used for sample preparation were obtained from Elec-
tron Microscopy Sciences.

Sample Preparation. The cold mixture was re-
moved from the cup with a spatula, placed on a sheet
of dental wax, and several strips (~3 mm x 3 mm X
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10 mm) were cut with a razor blade from the center (to
avoid potential edge effects) and transferred to vials
containing cold fixative (formaldehyde/glutaraldehyde,
2.5% each in 0.1 M sodium cacodylate buffer, pH 7.4).
A small piece of sponge (saturated in fixative) was care-
fully placed below the meniscus to guarantee complete
immersion of the sample in the fixation agent. This was
particularly important for samples taken early during
the time course due to trapped air pockets within the
sample. Samples were fixed at room temperature for
at least 2 h and then stored in fixative at 4°C before
shipping to the United States and processing according
to Vollmer et al. (2019). Thin sections (~500 nm) were
imaged on a digital optical microscope (VXH-5000,
Keyence), and ultrathin sections (~70 nm) were ex-
amined with a transmission electron microscope (JEM
1400 Plus, JEOL USA Inc.) operated at 120 kV and
equipped with a high-performance CCD camera (Orius
SC1000, Gatan Inc.).

Imaging and Analysis. Three to 5 sections from
2 to 3 randomly selected polymerized blocks per time
point and replicate were analyzed, and images covering
a wide range of magnifications (500x-50,000x) were
taken from up to 15 fields of view. In total, over 1,800
images were recorded for this study, and the most rep-
resentative images were selected for presentation. When
necessary, brightness and contrast levels of micrographs
were adjusted in Adobe Photoshop 2020 (Adobe), but
no other image modification process was used.

Statistical Analysis

Changes in DM content and pH were analyzed with
2-way ANOVA followed by Sidak’s test for multiple
comparisons. Significance was declared for P-values
<0.05. All analyses were performed in Prism 6 (Graph-
Pad Software Inc.).

RESULTS

Rheology: Viscosity Profile of the Model
Processed Cheese

Changes in the viscosity of the model processed
cheese during the creaming reaction were monitored
with a rheometer by measuring the torque exerted on
the stirrer of the custom-made geometry. The viscosity
profile, as seen in Figure 2, was characterized by an ini-
tiation phase in which torque values rapidly decreased
from ~12 to ~1 mN-m in response to the temperature
increase from room temperature to the set temperature
of 90°C. The initiation phase was followed by a gradual
first increase in torque values, which reached a plateau of
~6 mN-m at approximately 200 min into the processing
time, followed by a second, more rapid increase. Torque
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values started to fluctuate strongly after 320 min until
the end of the time course with maximum values of ~36
mN-m. These fluctuations were likely caused by parts
of the thickened mixture occasionally adhering to the
measuring bob axis and randomly dislodging, similar to
thick bread dough sticking to a mixer dough hook and
periodically being released. Visual inspection at the
end of the processing time confirmed the presence of
some of the mixture on the bob axis above the stirrer.

Some minor differences exist between the viscosity
profile presented here and the characteristic course of
structure formation published by Lenze et al. (2019).
These differences are likely attributable to differences
in the experimental set-up; that is, no premix was pre-
pared in the study by Lenze et al. (2019). Rather, all
ingredients were directly added to the cup, and the run
was started. We hypothesized that dissolving the salts
in water before adding the oil and protein powder, as
we did, was beneficial for a homogeneous distribution
of all ingredients. Lenze et al. (2019) used rennet casein
to simulate the type of protein present in processed
cheese, whereas we used native casein in the form of
micellar casein concentrate powder. Rock (2010) had
shown earlier that there was no discernable differ-
ence between the 2 protein sources in regard to their
creaming behavior. However, we wanted to exclude any
chance of structural variability effected by the degree
of proteolysis found in natural cheese (Berger et al.,
1998). We further decided to replace the milk fat with
sunflower oil to eliminate possible confounding effects
arising from the milk fat globule membrane and associ-
ated proteins, and for practical reasons based on the
long shelf life of the oil.

In the end, and as anticipated, the viscosity profile was
generally comparable to that seen in Lenze et al. (2019)
in that there was an initiation phase, an exponential
phase I, a plateau phase, and an exponential phase II.
Thus, a similar structure formation process compared
with the earlier studies was achieved. To examine the
structural changes reasoned to be responsible for the
distinctive changes in the viscosity, samples taken at
specific time points during the creaming reaction were
analyzed first with LM and then with TEM.

LM: Structure Formation in the Model
Processed Cheese

In samples taken after 15 and 50 min of processing
time and prepared for LM, fat globules of various sizes
were observed as inhomogenously distributed clusters
within the casein matrix (Figure 3A and B). Trapped
air pockets were abundant, which explains the floating
behavior of those samples during the initial steps of
chemical processing. Pronounced changes took place
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Figure 2. Representative viscosity profile of the hot model pro-
cessed cheese melt. Circles indicate sampling times for subsequent
analysis by light microscopy and transmission electron microscopy (15,
50, 175, 275, 315, and 410 min).

within the protein matrix as it started to separate into
areas with slightly different staining patterns after 175
min (Figure 3C, asterisks). Qualitative assessment of
the micrographs indicated that the fat globule diameter
decreased over time, particularly after 275 min (Figure
3D), whereas the number of fat globules increased,
leading to a homogeneous distribution of the fat at the
end of processing (Figure 3F). After 275 min, spherical
to ovoid and otherwise irregularly shaped lighter blue
areas amid the darker blue casein matrix were clearly
visible (Figure 3D) and continued to be throughout the
remainder of the time course.

To our knowledge, this progressive separation of the
casein matrix has not been documented before in other
processed cheese systems. We believe that this could
have contributed to the observed increase in apparent
viscosity. To understand the nature of these distinct
areas and the state of emulsification, samples were ana-
lyzed by high-resolution TEM.

TEM: Structure Formation in the Model
Processed Cheese

Low-magnification TEM images of thin-sectioned
material from samples taken along the creaming re-
action are presented in Figure 4. In contrast to LM
images, TEM images are captured as black-and-white
images because TEM relies on high-energy electrons
rather than on photons to form an image after the in-
teraction with the sectioned and contrasted material.
Objects are typically identified based on a combination
of morphology and electron density, the latter being
a reflection of the material and its atomic weight as
well as the high atomic weight of the stains used to
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Figure 3. Light micrographs of model processed cheese showing a change in the degree of emulsification (i.e., fat globule size, number,
distribution) as well as a progressive separation of the casein matrix into areas with distinctly different staining patterns during processing (as-
terisks). (A) 15 min, (B) 50 min, (C) 175 min, (D) 275 min, (E) 315 min, (F) 410 min; a = air pocket; f = fat; m = casein matrix. Instrumental

magnification at 500x, with the scale bar representing 100 pm.

improve contrast with otherwise very contrast-poor
materials of biological origin (Bozzola and Russell,
1999). That being said, fat globules in Figure 4 are
visible as electron-dense (dark gray) spherical objects
of varying size that predominantly clustered together.
The highly electron-dense appearance of the fat glob-
ules was reflective of the strong interaction of osmium
tetroxide with the unsaturated fatty acids of the
sunflower oil used in this study. The casein matrix in
the early stages of the creaming reaction was mostly
uniform and less electron-dense (lighter gray) than the
fat globules. As the field of view is too small even at
the lowest magnification used in the TEM (500 ), and
some fat globules were initially larger than 50 pm, the
decrease in fat globule diameter can only be partially
observed in the presented micrographs. The separation
of the protein matrix, on the other hand, can be easily
followed, and first signs were already evident after 50
min of processing time (this was barely noticeable in
LM images after 175 min of processing time) with the
appearance of slightly inhomogeneous areas, sometimes
with a thin strip of higher electron density at their
periphery (Figure 4B). During processing, these areas
gained in size and prominence with concurrent losses of
the electron density in the central region. At the end
of processing, these areas were bordered by a broad
band of more electron-dense material, which was also
distinct from the original casein matrix (Figure 4F).
Fat globules were typically smaller than during the
early phases. At no time during the experiments did
fat globules show any signs of large-scale coalescence,
indicating the persistence of a stable emulsion.

In the following sections, representative TEM images
from each time point at high magnification will be pre-

Journal of Dairy Science Vol. 104 No. 9, 2021

sented and described in more detail to highlight the dif-
ferent components of the structure formation process.

TEM of Samples Taken at 15 Minutes. As seen
from the TEM images at low magnification (Figure 4),
fat globules initially formed large clusters throughout
the casein matrix (Figure 5A). Fat globules were often
bordered by a thin layer of protein (casein), which was
visible at higher magnification as a crisp, dark line
when sectioned in full equatorial plane (Figure 5B,
arrowheads). Above and below the equatorial plane,
the same dark line appeared as diffusely granular ex-
tensions of the casein matrix (Figure 5C). Thus, fat
globules in even very close proximity to each other did
not coalesce.

The casein matrix was overall characterized by a
uniformly coarse granular structure (Figure 5B) reflec-
tive of the destabilizing action of the melting salts on
the casein micelles resulting in their rapid dissociation
and dispersion. However, small areas of very low elec-
tron density were frequently seen in association with
fat globules (Figure 5A). Upon closer inspection, these
areas contained casein micelles that still had retained
some of their characteristic morphology amid voids into
which fine, irregular protein strands protruded, which
could be traced back to the micelles (Figure 5C, arrow).
As a consequence, the oil-water interface was slightly
less emulsified in these regions.

Although the protein matrix in most areas was uni-
formly coarse, as seen in Figure 5B, some regions of
the sample contained areas of slightly different electron
density with numerous electron-opaque small inclu-
sions (Figure 5D). These differences were easy to see
at low magnification, but they were very difficult to
discern at high magnification, with the only difference
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being a slightly higher incidence of minute, very dark
electron-dense protein particles (Figure 5E and F). As
will be evident from TEM images taken at later time
points, these areas constituted precursors of the begin-
ning matrix separation, which means that the proteins
within the casein matrix had started to separate even
earlier than was apparent from low-magnification TEM
images at 50 min (Figure 4B).

TEM of Samples Taken at 50 Minutes. Fifty
minutes after the start of processing, which coincided
with the lowest recorded viscosity during the time
course, samples of model processed cheese still con-
tained various areas in which the casein micelles had not
fully dissociated (Figure 6A and B, arrowheads). The
protein separation within the casein matrix was evident
now, and differences were more clearly distinguishable
at both lower and higher magnification. The minute,
very electron-dense particles that were a characteristic
component of the protein separation within the casein
matrix formed loose aggregates at the region bordering
the casein matrix (Figure 6D). This gave the impres-
sion, at low magnification, of a dark band encircling
the newly separated area (Figure 6A). The coarsely
granulated structure of the casein matrix, on the other
hand, largely had not changed. However, individual
fibril-like structures started to appear throughout the
matrix (Figure 6B and C, arrows).

TEM of Samples Taken at 175 Minutes. After
175 min of processing, the viscosity curve had entered
a plateau after the first initial increase; no evidence
was observable anymore of any undissociated casein
micelles. Instead, the casein matrix was filled with a
multitude of slightly curved fibrils of varying length
set against the coarsely granulated background of
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the casein matrix (Figure 7). The fibrils displayed
a pronounced dark-light-dark pattern when seen
in longitudinal plane (Figures 7C to E). The newly
separated protein areas were clearly distinct from
the surrounding casein matrix by way of their lower
electron density compared with the latter (Figure 7A)
and complete absence of fibrils. Whereas the border
appeared darker (more electron-dense) at the previ-
ous time point due to an inhomogeneous distribution
of electron-dense particles constituting this area, the
border was now formed by an accumulation of fibrils
from the casein matrix (Figure 7B and E). It is worth-
while noting that the emulsion layer surrounding the
fat globules had not changed greatly in appearance,
that is, the emulsion layer was still very thin (Figure
7C, arrowheads). However, occasionally a few fibrils
were seen in contact with this layer (Figure 7D, ar-
rowhead).

TEM of Samples Taken at 275 Minutes. After
275 min of processing, the viscosity was at the begin-
ning of the second phase; the protein separation was
more pronounced, reflective of fundamental changes
throughout the casein matrix. The fibrils, now clearly
visible as long tube-like structures with an electron-
dense ring around a central electron-opaque cavity,
were observed at times in large bundles with many
of the individual fibrils regularly aligned. Smaller fat
globules often were completely surrounded by several
bundles of fibrils that had abutted at different angles
(Figure 8C). Fibrils were frequently seen attached to
fat globules either via their transverse (Figure 8F) or
their longitudinal surface (Figure 8G), which then gave
the appearance of brush bristles because of the parallel
alignment of the fibrils.

Figure 4. Low-magnification transmission electron micrographs of model processed cheese showing a progressive separation of the protein
matrix during processing into areas with different electron densities (asterisks). (A) 15 min, (B) 50 min, (C) 175 min, (D) 275 min, (E) 315 min,
(F) 410 min; f = fat; m = casein matrix. Instrumental magnification at 500, with the scale bar representing 10 pm.
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TEM of Samples Taken at 315 Minutes. The
fibril bundles so conspicuously noticeable after 275 min
of processing had, by qualitative assessment, reduced in
size and frequency 40 min later amid individual fibrils
extending at various angles (Figure 9). This coincided
with the second and more rapid increase in the ap-
parent viscosity. The constant shearing effect was also
visible at the fat globule surface with parallel arrays of
attached fibrils now showing a more convoluted orien-
tation (Figure 9D). The extent and morphology of the
newly separated protein areas of low electron density
appeared comparable to that seen at the previous time
point (Figure 9A and B).

TEM of Samples Taken at 410 Minutes. At
the last time point investigated—and highest appar-
ent viscosity measured (of the 6 samples, but not
over the entire time course due to clumping of the
molten mass)—several striking morphological changes
were recorded. The separation of the protein matrix
had further progressed with the appearance of a
thick sheath around the newly formed areas (Figure
10A, asterisks). Emulsified fat globules, particularly
smaller ones, appeared to have been pushed alongside
the presumably less mobile new areas through the
casein matrix (Figure 10B). Remarkable changes were
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seen in the casein matrix with fibril bundles all but
gone. Instead, fibrils seemed shorter and irregularly
distributed (Figure 10C). The thick sheath around
the newly formed areas, when investigated at higher
magnification, was filled with randomly oriented fibril
fragments and very fine needle-like structures (Figure
10D, arrowheads).

Evaporational Moisture Losses During
the Creaming Reaction

Repeated observations of visible traces of condensa-
tion on the inside of the 2 lid halves of the custom-made
geometry, especially after long runs, prompted us to
quantify the DM content of the sample also after each
run was completed. Results indicate that moisture losses
were significant within the first 50 min in which the DM
increased by 3.45% (Supplemental Figure S1A, https://
doi.org/10.6084 /m9.figshare.14583225.v1). Considering
time points past 50 min, however, the dry matter of the
processed cheese samples was approximately constant
at 44.21 £+ 0.81%. Thus, fibril formation observed in
the later stages of processing would appear to have been
largely unaffected by changes in the moisture content.
pH values did not change significantly over the entire

Figure 5. Transmission electron micrographs of model processed cheese after 15 min of processing time. (A) Fat globule clustering and
homogeneous casein matrix distribution. (B) Fat globule-casein matrix interface with arrowheads pointing to a thin protein layer formed by
the casein matrix around the fat globule and thereby emulsifying it. (C) Areas of undissociated micellar casein concentrate adjacent to a fat
globule (arrow). (D) Casein matrix with some areas of higher electron density (asterisks). (E) Detail of the casein matrix. (F) Detail of the area
of higher electron density; f = fat; m = casein matrix. White boxes are enlarged in the respective panels as indicated by the adjacent letters.
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Figure 6. Transmission electron micrographs of model processed cheese after 50 min of processing time: Beginning separation of the protein
matrix and appearance of fibril-like structures. (A) Fat globule clustering and early protein separation of the casein matrix. (B) Appearance of
fibril-like structures (arrows) in the casein matrix. (C) Detail of the fibril-like structure (arrow) in the casein matrix. (D) Detail of the casein
matrix with protein separation; f = fat; m = casein matrix. The arrowheads in A and B point to areas of partially dissociated micellar casein
concentrate similar to that seen at the previous time point. Asterisks in A and D mark distinctly different areas within the casein matrix. White
boxes are enlarged in the respective panels as indicated by the adjacent letters.

processing time (Supplemental Figure S1B, https://doi
.org/10.6084/m9.figshare.14583225.v1).

DISCUSSION

Key elements of the structural changes observed
by LM and TEM during the creaming reaction in
our processed cheese model system are (1) a change
in size, number, and distribution of fat globules, (2) a
progressive separation of the casein matrix into fibril-
logenic and nonfibrillogenic fractions, (3) formation
and higher-order structuring of fibrils and their partial
degradation in the casein matrix, and (4) increasing
interaction of the fibrils with the fat globule surface
leading to a higher degree of emulsification.

Fat Globule Size, Number, and Distribution

The role of fat in regard to the creaming reaction in
processed cheese has been debated by various investiga-
tors without a clear consensus. Some have argued that
fat is essential for creaming to take place (Berger et
al., 1998), whereas others have put forward the idea
that creaming is predominantly caused through pro-
tein—protein interactions (Lee et al., 2003). When a
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fat source was included in the formulation, however,
similar observations were made: fat globules initially
displayed a broad size range and were unevenly dis-
tributed throughout the casein matrix but decreased in
size over time while also increasing in number, with the
fat distribution more even at later stages of processing
(Rayan et al., 1980; Lenze et al., 2019). The degree of
emulsification, as indicated by the formation of a finely
dispersed fat phase, was reasoned to contribute to the
viscosity increase (Lenze et al., 2019). If one assumes
an even layer of protein around fat globules, a larger
number of smaller fat globules, as seen toward the end
of processing, would result in more sites on the surface
of fat globules being accessible for an interaction with
the protein phase with a resultant increase in viscosity.
This also applied to results from our study.

It is worth noting that the decrease in fat globule
size was not gradual during the processing time in our
experiments. Rather, fat globule size appeared similar
even well into the time period. Only after 275 min of
processing was a clear size reduction evident. From this
observation it can be concluded that the effect of the
fat phase on the viscosity curve was negligible in the
first half but likely strong throughout the second half
of the creaming reaction and thus contributed to the
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second rapid increase of the viscosity profile presented
in Figure 2.

Progressive Separation of the Casein Matrix

The separation of the casein matrix into areas of dif-
ferent electron density and morphology is another key
element in the structure formation process. Although it
is difficult at this point to suggest the nature of these
newly formed regions, they clearly originated from
the casein matrix. Based on the observed morphol-
ogy and electron density pattern, they must be also
of proteinaceous material. Neither calcium, phosphate,
nor citrate species have enough contrast to be visible
in bright-field TEM unless they form large insoluble
crystals. Crystals derived from melting salts and from
minerals in natural cheese have been documented for
processed cheese, and in fact are considered a defect
(Kapoor and Metzger, 2008). Their unique morphol-
ogy, or what is left of them within the casein matrix
after sample processing for TEM, makes them easily
recognizable (Caric et al., 1985).

As MCC (~98% casein and ~2% whey proteins) was
the only protein source used in our experiments, it can
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be deduced that the distinctive areas were formed by
one or more of the four different casein fractions de-
rived from the casein micelle (ag;-, agy-, 8-, and k-CN).
The TEM results suggest at least two distinct protein
species, or fragments. Whey proteins are unlikely to
have participated in the structure formation, based on
approximated area ratios of the newly formed areas
compared with the casein matrix; that is, a whey pro-
tein concentration of ~2% is not a sufficient quantity to
form such large areas.

Although evidence of the separation of the casein
matrix was noticed during the entire time period, the
newly formed areas were particularly conspicuous at
the very end, with a broad sheath encircling them. At
this point, it can also only be speculated that the fine
needle-like structures that were seen within this sheath
are degradation products of fibrils found mixed with
the needles.

In conclusion, it is likely that the separation of the
casein matrix into distinct areas of some yet unidenti-
fied but amorphously aggregated casein species contrib-
uted to the increase in viscosity mostly throughout the
second half, and particularly at the end of the time

course.

Figure 7. Transmission electron micrographs of model processed cheese after 175 min of processing time: Protein matrix separation and ex-
tension of fibrils. (A) Clear separation of the casein matrix into areas of high and low electron density. (B) High density of fibrils at the interface
of the casein matrix and separated areas (arrow). (C) Detail of the casein matrix with fibrils and evenly emulsified fat globule (arrowheads). (D)
Detail of the casein matrix with fibrils attaching to the fat globule (arrowhead). (E) Detail of the casein matrix at the interface; f = fat; m =
casein matrix. Asterisks in A, B, and E mark the protein area characterized by low electron density. White boxes are enlarged in the respective

panels as indicated by the adjacent letters.
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Figure 8. Transmission electron micrographs of model processed cheese after 275 min of processing time: Protein matrix separation and
casein fibril alignment in bundles. (A) Clear protein separation of the casein matrix into areas of high and low electron density. (B) High density
of fibrils at the interface. (C) Detail of the casein matrix with large bundles of highly ordered fibrils in cross (left) and longitudinal (right) sec-
tion. (D) Bundles of fibrils completely surrounding a small fat globule. (E ) and (F) Two large fat globules with fibrils attached to their surface.
The arrowheads point to fibrils attached via their transverse side (E) and their longitudinal side (F); f = fat; m = casein matrix. Asterisks in
(A) and (B) mark the protein area of low electron density. White boxes are enlarged in the respective panels as indicated by the adjacent letters.

Casein Fibrils

It is even more difficult to suggest the exact nature of
the fibrils and their genesis. What is clear, however, is
that they derived from micellar casein concentrate that,
under the influence of the melting salts, initially formed
a mostly homogeneous granular casein matrix. Because
fibril-like structures started to appear only after the
separation of the protein matrix became evident, it is
tempting to speculate that these features are function-
ally linked and that the calcium-sequestration of the
melting salts not only led to a general dissociation of
the casein matrix, as commonly assumed, but more
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specifically drove the segregation of casein proteins into
species that were able to form fibrils while others, that
were not able to form fibrils, aggregated in different ar-
eas. It is conceivable that the loss of calcium ions from
the casein matrix increasingly destabilized the protein
structure by unmasking previously hidden hydrophobic
areas that were then able to form new structures. And
as such, the protein separation might be considered a
prerequisite for the subsequent fibril formation in our
system.

Fibril formation has been demonstrated for native
and reduced forms of k-CN (Farrell et al., 2003; Thorn
et al., 2005, 2008; Lee et al., 2019), agy-CN (Thorn et



Vollmer et al.: MECHANISMS OF STRUCTURE FORMATION IN PROCESSED CHEESE

9516

Figure 9. Transmission electron micrographs of model processed cheese after 315 min of processing time: Protein matrix separation and
breakdown of casein fibril bundles. (A) Clear protein separation of the casein matrix into areas of high and low electron density. (B) High density
of fibrils at the interface. (C) Detail of the casein matrix with fibril bundles reduced in size. (D) Convoluted fibrils at the surface of a fat globule
(arrows); f = fat; m = casein matrix. Asterisks in (A) and (B) mark the protein areas of low electron density. White boxes are enlarged in the

respective panels as indicated by the adjacent letters.

al., 2008), and, to some degree, 3-CN, although not un-
der physiological conditions (Pan and Zhong, 2015). Fi-
bril formation could not be induced for ag-CN (Thorn
et al., 2008). On the contrary, ag;-CN and 3-CN have
been shown to suppress fibril formation when mixed
with fractions of k-CN or agy-CN (Thorn et al., 2008;
Treweek et al., 2011) reflective of their putative role as
molecular chaperones in the prevention of amyloidosis
in casein micelle secreting cells and their surrounding
tissues of the lactating cow (Holt et al., 2013). As these
studies were conducted with single casein fractions
(often chemically highly modified), or binary combina-
tions at the most, it remains to be determined how
these results can be applied to the creaming reaction in
processed cheese.

Interestingly, there are a few older studies and one
recent study reporting on fibril-like structures found
not in isolated fractions, but more importantly, in the
casein matrix of processed cheese (Kimura and Taneya,
1975; Taneya et al., 1980; Heertje et al., 1981; Tamime
et al., 1990; Fu et al., 2018). Using the same thin-
sectioning technique after chemical fixation, Taneya
et al. (1980) observed faint network-like structures of
longer protein strands within the casein matrix of hard-
type processed cheese, that is, processed cheese that
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was made with 2.2% polyphosphate as the melting salt.
No such structures were evident when a melting salt
mixture was used consisting of 1.0% sodium citrate and
1.5% polyphosphate. It appeared that the formation
of these particular structures primarily depended on
the type of the melting salt. Fu et al. (2018) confirmed
this conclusion when they also reported on some fine-
stranded structures in the protein matrix of processed
cheese with their presence or absence determined by
the composition of the melting salts. The absence of
any string-like structures in the protein phase of pro-
cessed cheese made only with sodium phosphate (the
exact amount was not given) is also evident in TEM
images published by Kimura and Taneya (1975). More
pronounced string-like protein structures with a di-
ameter of 10 nm and an approximate length of 300
nm were documented by Heertje et al. (1981) in their
study on the microstructure of processed cheese. Al-
though the composition of the melting salts was not
clearly stated, the fact that protein strands were seen
dictates that some combination of polyphosphates was
used. The authors also recorded the torque exerted on
the stirrer, and although the apparent viscosity profile
was not identical to that presented here, it shares the
general feature of a viscosity increase over time. The
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Figure 10. Transmission electron micrographs of model processed cheese after 410 min of processing time: Protein matrix separation and
fragmentation of casein fibrils. (A) Protein separation of the casein matrix with a pronounced electron-dense band surrounding the newly formed
areas. (B) A small fat globule in a channel of fragmented casein fibrils. (C) Detail of the casein matrix with shorter and mostly irregularly packed
fibrils. (D) Short fibrils and very fine needles (arrowheads) within the electron-dense band; f = fat; m = casein matrix. Asterisks in (A), (B),
and (D) mark the protein areas of low electron density. White boxes are enlarged in the respective panels as indicated by the adjacent letters.

increase in viscosity was related to the presence of a
few irregular fine strands, which were seen at peak vis-
cosity as thicker, straight fibrils in random orientation
throughout the entire protein matrix; a parallel strand
alignment, as the authors stated, cannot be discerned
on the basis of the published micrographs. The fibrils
did not persist throughout the remainder of the time
course; rather, the proteins coagulated and formed com-
pact aggregates. Although not the focus of the study
(the informative micrograph depicting the fibrils was
included in the discussion with the reviewers, printed
subsequently to the main article), Tamime et al. (1990)
provided yet another example of fibril formation in the
protein matrix of processed cheese, although the fibrils
were hard to distinguish from the background due to
the presence of a multitude of small electron-dense par-
ticles assumed to be staining artifacts.

There seems to be a common theme in all these stud-
ies, with the demonstration of new protein structures in
the casein matrix assumed to be related to the viscosity
increase during the creaming reaction. However, none
show the structures with the same clarity as presented
here. Moreover, although these structures were gener-
ally described as fibril-like, we show evidence of a more
regular structure in the form of hollow tubes with the
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additional complexity of higher-order alignment of said
tubes into bundles. It is important to note that the
structures in our study were observed first in the casein
matrix and were only at later time points found at-
tached to fat globules. This clearly indicates the im-
portance of protein—protein interactions as the primary
driver of the viscosity change.

Interaction of Casein Fibrils with Fat Globules
and Degree of Emulsification

Under the influence of the melting salts, the casein
micelles in the concentrated powder quickly dissoci-
ated into a homogeneous casein matrix, which rapidly
adsorbed to the oil-water interface, thereby producing
a stable layer protecting fat globules from coalescing.
After casein fibrils formed within the casein matrix,
they were soon also seen attached to the surface of
the fat globule. With the elongation of the fibrils and
higher-order structuring, the frequency and extent of
those contacts had strongly increased to the point that
some fat globules appeared tethered to one another by
means of an ordered array of fibrils. It is very conceiv-
able that this tethering increased the viscosity locally.
Coupled with the fact that the mixture was under slow
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but constant agitation, it is easy to imagine how those
areas would experience a higher degree of strain and,
as a consequence of this continued milling or shearing,
larger fat droplets were reduced in size, whereas the
total number of fat globules increased at the same time.
A fine emulsion had formed.

Interestingly, the fibrils were seen attached to the fat
globules not only via their transverse, but also via their
longitudinal side, which implies that they were reactive,
or “sticky,” across their entire surface. When organized
in bundles within the casein matrix, the fibrils also
abutted at various angles to each other, confirming this
conclusion. This reactivity along the entire surface area
is yet another plausible mechanism by which the viscos-
ity increased, in particular toward the end of the time
period, when the fibrils started to break down with
many smaller fibril fragments seen to fully occupy the
casein matrix.

Although a previous study indicated a migration of
the casein proteins from the fat globule surface to the
matrix at the end of the creaming reaction (Lenze et
al., 2019), no sign of desorption was seen in this study.
On the contrary, the degree of emulsification appeared
only to intensify over the course of time. A reason for
this discrepancy may be found in the slightly different
experimental set up.

Different Key Elements Act in Concert to Bring
About the Structure Formation in Processed Cheese

It becomes obvious from the discussion above that
the mechanisms underlying the structure formation
during the so-called creaming reaction are both very
complex and dynamic. Figure 11, which is based on
the interpretation and qualitative assessment of vari-
ous features from more than 1,800 micrographs taken
during the course of this study, gives a summary of
the key elements related to the viscosity change in our
processed cheese model system, their initial occurrence
and relative duration.

In our opinion, the formation of proteinaceous fibrils
lies at the heart of the creaming reaction, which is bet-
ter described as a texturization process, as highlighted
in an updated model (Figure 12), and was set in motion
by the segregation of the casein matrix into proteins
that could form fibrils under the conditions of our ex-
periments and others that could not. This is assumed
to be a direct consequence of the calcium-sequestering
ability of the used melting salts. With the develop-
ment of the fibrils, their higher-order structuring and
increased interaction with fat globules, the viscosity of
the molten cheese mass increased while a finer emulsion
was formed. Fat globules were therefore not necessary
for the creaming reaction to take place but had an ad-
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ditional effect on the viscosity increase. This is in agree-
ment with the conclusions from the study by Lee et al.
(2003), which state that protein—protein interactions
were the main driver of the viscosity increase, whereas
the fat phase was speculated to act as a modulator.
That fat modified the viscosity curve was also shown
by Lenze et al. (2019) when they varied the fat levels
of the formulation. Of note is the fact that in a totally
fat-free formulation, a small yet recognizable viscosity
increase was still recorded by Lenze et al. (2019), which
we would also expect based on our findings of the ex-
tensive protein—protein interactions.

Practical Applications for the Processed
Cheese Industry

Controlling this complex and dynamic structure
formation is particularly important for downstream
units, including the buffer tank for the hot product

Viscosity

Time
Protein matrix segregation

Fibril formation

Fibril elongation

Fibril alignment

Fibril degradation
Fat-fibril interactions

Formation of fine emulsion

Figure 11. Key elements and their development during the “cream-
ing reaction” in a processed cheese model system. The arrows below
the characteristic viscosity profile indicate initial occurrence and rela-
tive duration of each element. Different colors are used to distinguish
the individual elements.
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Figure 12. An updated processed cheese texturization (“creaming”) model. Casein proteins (closed circles) dissociate under the influence of
the melting salts combined with heat and stirring into fibrillogenic and nonfibrillogenic fractions. With time, the fibrils (lines and open circles)
first elongate, align into bundles, and then partially fragment. Increasing contact of fibrils with fat globules (large, gray circles) combined with
shear forces eventually leads to a fine emulsion. Protein separation, fibril formation, and development of a fine emulsion all contribute to an

increase in the apparent viscosity of the system.

located between cooker and filler. If fill levels and thus
residence times vary due to, for example, production
delays, the structure of the molten mass will continu-
ously change in accordance with the creaming reaction.
Stirring speed could be used to influence the reaction
speed. In such a case, the filler feed tank would be
considered a continuous stirred tank reactor mixing
newly arriving processed cheese with already existing
product volumes, thus accelerating the structure forma-
tion as seeding material in the formation of fibrillar
proteinaceous structures. If process design and opera-
tions are performed without taking these factors into
consideration, the structure formation would proceed in
an uncontrolled manner, leading to detrimental prod-
uct variability.

Proposed Change in Terminology from “Creaming”
to “Texturization”

Although the term “creaming reaction” or “cream-
ing effect” has a clear meaning within the processed
cheese industry, it can be misleading, as it may be
confused with another process more commonly known
as “creaming”; that is, the migration of fat droplets
in unhomogenized milk through the continuous phase,
leading first to emulsion destabilization and then to
an oil-water phase separation. To avoid confusion, we
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propose the use of the term “texturization” instead of
“creaming” when referring to the viscosity increase dur-
ing processed cheese manufacture.

CONCLUSIONS

Our extensive study on the structure formation
during the creaming (or texturization) reaction in a
processed cheese model system showed that several dif-
ferent key elements were involved and acted both in
parallel and also sequentially, to bring about the typi-
cal viscosity profile; namely, a progressive separation of
the casein matrix into fibrillogenic and nonfibrillogenic
areas, de novo fibril formation and higher-order struc-
turing into bundles, partial breakdown of fibrils, and
unique interaction of fibrils with fat globule surfaces,
leading to a finer emulsion. Although protein-fat in-
teractions were important during the later stages of
the structure formation, protein—protein interactions
were the primary driver. New scientific insights gained
from this study not only fit well with previous obser-
vations but substantially extend our understanding of
this peculiar reaction. This knowledge could be directly
applied to design and optimization of processed cheese
manufacturing lines to better control and standardize
the processing conditions during and after the cooking
step, thereby reducing product variability.
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