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This study evaluated the optimization of homogenization parameters in raw bovine milk to achieve desirable
milk fat globule (MFG) size characteristics for functional dairy applications, with a focus on kefir production.
Three batches of raw milk were subjected to varying shear rates, temperatures, and processing durations. The
effects on MFG size, pH, creaming index (CI), and total fat and protein contents were monitored over seven days.
MFG size was measured by laser diffraction, pH with calibrated meters, CI by visual assessment, fat content via
the Gerber method, and protein content by Kjeldahl analysis.

Higher shear rates, particularly when combined with elevated temperatures, significantly reduced MFG size
(minimum D [3,2] of 1.8 + 0.01 pym at day seven) compared with unhomogenized controls (3.4 + 0.01 um).
Smaller globules were associated with lower CI values, indicating enhanced emulsion stability, and supported a
more controlled pH decline during storage. Total fat and protein contents were largely unaffected, although

protein concentration positively correlated with both pH and globule size.

Selected homogenized samples were subsequently inoculated with kefir grains to evaluate fermentation per-
formance. These samples exhibited consistent acidification and stable pH progression, whereas unhomogenized
milk showed less uniform fermentation.

Overall, homogenization at higher shear rates and temperatures improved emulsion stability and facilitated
uniform fermentation without compromising milk composition. These findings underscore the importance of
controlling MFG size to enhance both functional and processing characteristics of milk for fermented dairy

products.

1. Introduction

Bovine milk production has increased substantially worldwide, ris-
ing by 60% from 522 million tons in 1987 to 828 million tons in 2017,
reflecting growing demand for dairy products (Gorska-Warsewicz et al.,
2019). The dairy sector is a vital global industry, providing diverse, safe,
and functional foods across many countries (Motarjemi et al., 2014).
Cow’s milk dominates consumption at 90%, followed by buffalo milk at
5% and goat milk at 3% (Kourkouta Lambrini et al., 2020). Scientific
evidence suggests that consumption of milk and dairy products may
protect against chronic diseases and help meet essential nutrient re-
quirements (Thorning et al., 2016), with potential health benefits
including antioxidant activity, cholesterol reduction, and blood pressure
regulation (Kanekanian, 2014). These effects are attributed to the pro-
teins, minerals, vitamins, and lipids present in milk (Tunick & Van
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Hekken, 2015).

Milk fat is a key component of dairy products, contributing to
flavour, texture, and nutritional value. It is also physiologically impor-
tant as a source of essential fatty acids, lipid-soluble vitamins, and
bioactive molecules. In bovine milk, fat exists as milk fat globules
(MFGs) dispersed in the aqueous phase and encapsulated by the milk fat
globule membrane (MFGM) (Lopez et al., 2011; Singh & Gallier, 2017).
MFG diameters range from 0.1 to 10 pm, with an average of approxi-
mately 4 pm (Lopez et al., 2011). The size and stability of MFGs are
critical determinants of milk’s physical and functional properties (Thum
et al., 2023).

Dairy processing techniques, particularly homogenisation, signifi-
cantly influence MFG size and distribution. By reducing globule diam-
eter and increasing surface area, homogenisation enhances emulsion
stability, inducing physiochemical changes that affect the nutritional
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quality of dairy products (Kielczewska et al., 2021).

MFG size directly influences functionality. Smaller globules have a
higher surface-area-to-volume ratio, exposing more MFGM and
enhancing digestibility, as lipases can more effectively access the lipid
core. They also improve texture and mouthfeel in products such as
yogurt and cream (Li et al., 2018). Proteins in the MFGM, including
caseins and whey proteins, contribute to interfacial stability, and during
homogenisation, newly exposed surfaces are coated by these proteins,
enhancing emulsion stability and influencing fermentation behaviour
(Andi¢ & Boran, 2015; Davoodi et al., 2016).

Excessive homogenisation can over-fragment MFGs, destabilizing
the protein-fat matrix and altering bioactive properties (Shao et al.,
2023; Zhao et al., 2019). Optimal control of homogenisation parame-
ters is therefore essential for functional dairy product development.

Homogenisation improves taste, colour, stability, viscosity, cream-
ing, emulsification, and foaming properties (Kohlera & Schuchmann,
2011). Smaller, uniform MFGs increase emulsion stability, improving
texture and uniformity in yogurts (Zhu & Miura, 2024). In cheese,
homogenised milk enhances fat retention in the curd, affecting yield,
texture, and ripening (Bintsis & Papademas, 2017; Logan et al., 2017). In
cream, MFG size influences whipping capacity and churn-ability
(Dhungana et al., 2020; Edén et al., 2016; Shao et al., 2023). Smaller
globules also provide a larger surface for enzymatic reactions and
digestion, improving functional and nutritional performance (Berton
et al., 2012).

Kefir is a fermented dairy beverage produced with kefir grains con-
taining lactic acid bacteria, acetic acid bacteria, and yeasts, resulting in
lactic acid, ethanol, CO, and bioactive compounds such as peptides and
exopolysaccharides (Kok-Tas et al., 2013).

Milk properties, including MFG size, significantly influence
fermentation and final product quality. Homogenised milk, with
smaller, dispersed MFGs, provides greater surface area for microbial
activity, accelerating fermentation and improving consistency and vis-
cosity (Fiorda et al., 2017; Marga et al., 2012). Comparisons of kefir
made from raw, pasteurised, and homogenised milk show that MFG size
affects microbial profiles, sensory attributes, and functional properties
(Baars et al., 2023).

Milk fat globules and their membranes are central to the physico-
chemical, nutritional, and functional properties of dairy products. MFG
size strongly influences emulsion stability, digestibility, and sensory
quality, while the MFGM provides bioactive components that support
health benefits. Homogenisation is a key processing tool to control MFG
size, improving uniformity, viscosity, and fermentation performance,
but parameters must be optimised to avoid destabilising the protein-fat
matrix.

Smaller, well-dispersed MFGs enhance the quality and functionality
of yogurt, cheese, cream, and fermented products like kefir. Careful
manipulation of MFG size through homogenisation offers a practical
strategy to improve stability, processing performance, and functional
properties in dairy product development, providing both technological
and nutritional advantages. Despite the importance of homogenisation
in dairy processing, limited studies have systematically evaluated how
different homogenisation parameters influence milk fat globule char-
acteristics and how these structural changes subsequently affect
fermentation performance in functional dairy products.

This study critically examines how homogenisation parameters in-
fluence MFG size and the resulting impact on dairy product function-
ality, using kefir as a model for functional dairy fermentation.

2. Materials and methods
2.1. Raw milk collection
The study was conducted in three sequential batches designed to

progressively refine the homogenisation parameters. Batch 1 served as a
preliminary screening phase to evaluate the influence of different shear
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rates, temperatures and processing times on basic stability indicators
such as pH and creaming index. Based on the outcomes of Batch 1, Batch
2 incorporated additional analytical measurements including milk fat
globule (MFG) size and total fat content to better understand structural
and compositional changes in the emulsion system. Batch 3 focused on a
reduced set of the most promising homogenisation conditions identified
in the earlier batches, allowing detailed analysis of stability, composi-
tional properties and subsequent kefir fermentation performance. This
stepwise approach enabled systematic optimisation of processing pa-
rameters prior to fermentation trials.Raw milk used in this study was
sourced from a major dairy processing facility in Ireland, which handles
over 200 million litres of milk per year and produces a wide range of
dairy products, including milk powders. The facility collects milk from
regional farms and operates in compliance with key European Union
food safety and hygiene regulations. These include Regulation (EC) No
852/2004 on food hygiene, EC 92/46 concerning the health standards
for milk-based products, and regulations covering microbiological food
criteria (EC No 2073/2005), contaminants (EC No 1881/2006), and
veterinary drug residues (EC No 2377/1990). After collection, raw milk
is promptly cooled to 4 °C and kept at this temperature until further
analysis.

Milk samples were homogenised prior to analytical assays. Homog-
enisation was carried out using a high-speed rotor—stator homogeniser
(e.g., Ultra-Turrax T25) under controlled conditions. 80 ml of raw milk
was selected for each sample and transferred to sterile tubes. The con-
ditions analysed were a mixture of temperature (25 °C, 45 °C), time (30
— 90 s) and shear rate (8000 — 20,000 rpm) (Table 1). The samples were
placed in water baths to reach their desired temperature. All samples are
labelled and stored at 4 °C for further analysis. Some samples were
frozen to analyse later.

2.2. Emulsion stability

To investigate the stability of the milk samples post-homogenisation,
analyses were conducted at five predefined time intervals: 0 h (base-
line), 24 h, 48 h, 72 h, and 7 days following sample preparation. Samples
were analysed at each time point to monitor any physicochemical
changes, including phase separation and pH shifts.

2.3. Creaming index
Creaming index analyses was conducted by visually inspecting the

Table 1
Test matrix for homogenisation.

Sample Speed Time Temperature Replicate  Notes

D (rpm) () [§9)

Con 0 (Control) 0 25 3 No
homogenization

Al 8000 30 25 3 Low-speed short
time

A2 8000 30 45 3 Heated sample

Bl 10,000 60 25 3 Mid-speed, mid-
time

B2 10,000 60 45 3 Heated sample

C1 15,000 30 25 3 High speed,
short time

C2 15,000 30 45 3 High speed,
heated

D1 15,000 60 25 3 High speed +
time

D2 15,000 60 45 3 Heated variant

El 20,000 90 25 3 Max intensity

E2 20,000 920 45 3 Max + heated

F1 12,000 45 25 3 Intermediate
reference

F2 12,000 45 45 3 Heated
reference
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milk samples at each designated time point to observe changes in the
cream layer thickness over time to be used as an indicator of fat sepa-
ration and emulsion instability. The height of the cream layer in the tube
was measured and expressed as a percentage of the total sample height:

Height of cream layer
Heigh of sample

x 100 = creaming index (%)

Although visual measurement of the creaming layer is a widely used
method for estimating emulsion stability, it may introduce a degree of
subjectivity. To minimise variability, all measurements were performed
under consistent lighting conditions and by the same observer. How-
ever, future studies could incorporate image analysis or centrifugation-
based methods to provide more objective quantification of phase
separation.

2.4. Milk fat globule size

Fat globule size was measured using laser diffraction via the Malvern
Mastersizer 3000 (Malvern Panalytical Ltd.,, UK). The post-
homogenisation milk samples were measured, and results were re-
ported as volume-weighted mean diameter (D [3,2]). The refractive
index of milk fat was set to 1.458 and an absorption index of 0.1 at
density 1.03 g/cm®, and water was set to 1.33. Obscuration levels were
set between 5 — 15% to ensure proper detection of samples. The mea-
surements were conducted at 25 °C under continuous stirring to prevent
sedimentation and ensure proper analysis of fat globule size. Extensive
cleaning between each sample analysis is vital to obtaining the correct
results. This assay allows for the assessment of efficiency of homogeni-
sation and its impact on emulsion stability over time.

2.5. Total fat

The total fat of the milk samples post-homogenisation was analysed
using the Gerber method. Sulfuric acid was used to dissolve non-fat
constituents and amyl alcohol was added to enhance fat separation.
10.75 ml of sulfuric acid was carefully pipetted into Gerber butyrometer.
10 ml of the homogenised milk sample was slowly added to avoid
charring. 1 ml of amyl alcohol was added and the butyrometer was
sealed and tube was inverted multiple times to ensure mixing
throughout. Samples undergo centrifugation for 5 min at 1200 rpm.
After centrifugation, the fat content was determined by reading the
calibrated scale on the butyrometer, expressed as a percentage of the
total volume. All samples were completed in triplicate to ensure accu-
racy and mean values were recorded.

2.6. Protein

The protein content of the milk samples was quantified using the
Kjeldahl method, estimating the total nitrogen and converting this value
to protein concentration. There are three steps to this method: Digestion,
Distillation and Titration.

Sample digestion involves adding 10 ml of each homogenised milk
sample to the Kjeldahl tubes alongside sulfuric acid and a catalyst
mixture to accelerate the breakdown of the organic nitrogen com-
pounds. Samples were placed in the digestor for 240 min at 420 °C.
Following digestion, the solution was neutralised using 40% sodium
hydroxide and distilled water, releasing ammonia which is collected in a
conical flask containing boric acid at pH 4.65. The collected sample is
then titrated using 0.1 M hydrochloric acid.

The nitrogen content obtained from the titration was multiplied by a
conversion factor of 6.38 (for milk proteins) to yield a total protein
concentration, expressed as g/100 ml.

(VxNx14)

W X 6.38 = Protein %

V = volume of acid used in titration
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N = Normality of the acid
W = weight of the sample (g)
1.4 = factor derived from the molecular weight of nitrogen

3. Inoculation

To assess the functionality of homogenised milk sample in dairy
applications, the samples were inoculated with kefir grains to produce a
kefir base. Stability of samples was measured over a 7-day period
alongside acidification. The selection of samples D2, E1 and E2 for
fermentation experiments was based on their superior performance in
the earlier stability and fat globule size analyses. These treatments
demonstrated the smallest and most stable MFG size distributions,
reduced creaming index values and consistent pH stability during stor-
age compared with other homogenisation conditions. These character-
istics suggested improved emulsion stability and were therefore
considered most suitable for evaluating the potential effects of homog-
enisation on kefir fermentation performance. The control sample was
included to allow comparison with non-homogenised milk.

Homogenised milk samples were heated to 72 °C and cooled to 25 °C
in a water bath. The milk samples were then inoculated with 0.45 g of
activated kefir grains (0.5 — 2% w/w) and samples were incubated at 25
°C for 24hr for fermentation. Progress was evaluated at three time
points: 24hr, 48hr and 7 days. Samples were stored at 4 °C between
measurements to emulate standard refrigeration in dairy product
production.

3.1. pH and titratable acidity

At each time point, the pH of fermented samples was measured using
a calibrated pH meter.

For the lactic acid titration, 10 ml of fermented milk was diluted in
10 ml of distilled water and titrated with 0.1 M sodium hydroxide until
reaching an end point of pH 8.3. The volume of NaOH consumed is used
to calculate the total titratable acidity, expressed as % lactic acid (w/v).

Titratable acidity was calculated using the following formula:

Vx 0.1 x0.09
10

V = volume of NaOH used
0.1 = molarity of NaOH solution, 10 = volume of milk sample

x 100 = Lactic Acid %

3.2. Sensory analysis

Sensory analysis of these fermented milk samples involves visual
inspection to analyse colour, off-odours and texture.

3.3. Statistical analysis

The collected samples (n = X) were grouped according to categories
X, Y, and Z. Before conducting statistical analyses, the distribution of all
independent variables was evaluated for normality using the
Kolmogorov-Smirnov test. One-way ANOVA was applied to examine
relationships among nonparametric categorical variables, while Spear-
man’s rank correlation coefficient was used to assess correlations be-
tween quantitative variables. All statistical analyses were conducted
using SPSS® version 23, with a confidence interval set at 95%.

4. Results

Initial assessments from Batches 1 and 2 guided the refinement of
experimental parameters and inoculation methods implemented in
Batch 3. As a result, the primary focus of the results is on Batch 3, which
most accurately represents the final experimental setup. Fat, protein,
lactose, estimated ash, and total solids were measured in all three
batches by the partnering dairy processing facility (Table 2). These
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Table 2
Milk compositional values from Batch 1, 2 and 3.

Batch Fat Protein Lactose Ash Total Solids
1 4.1 3.42 4.57 1.0 12.84

2 4 3.39 4.53 1.01 12.93

3 4.16 3.45 4.63 0.995 13.005

compositional values represent the milk’s inherent nutritional profile
prior to any intervention and provide a baseline for interpreting changes
observed throughout the processing and analysis stages (Burke et al.,
2018).

Sample identifiers used throughout the figures (e.g., A1-F2) corre-
spond to the homogenisation processing conditions outlined in Table 1,
including shear rate, processing time and temperature.

4.1. Batch 1

Batch 1 provided preliminary observations on the stability of milk
samples subjected to different homogenisation conditions. Measure-
ments of pH and creaming index over a 7-day storage period indicated
minimal acidification across treatments and suggested that higher shear
homogenisation improved emulsion stability compared with the control
and lower shear treatments. These findings informed the refinement of
experimental parameters used in subsequent batches.

4.2. Batch 2

Milk stability and physical characteristics were evaluated under
different homogenisation conditions with emphasis on fat globule size.
In addition to pH and creaming index measurements conducted in Batch
1, Batch 2 included analysis of fat globule size and total fat content to
provide further insight into emulsion stability under different homoge-
nisation conditions.

Applied Food Research 6 (2026) 102182
4.3. Fat globule size and emulsion stability

Milk fat globule (MFG) size is a key determinant of physical stability
and processing behaviour. Changes in MFG size were measured over a 7-
day storage period using a Malvern Mastersizer 3000, with the mean
diameter (D3,2) recorded at selected time points (0 h, 24 h, 48 h, 72 h,
and 7 days) (Fig. 1).

A clear reduction in globule size was observed with increasing shear
rate. Samples processed at lower shear rates (A1-A2) exhibited larger
globules (~2.5 um), whereas high-shear treatments (E1-E2) produced
smaller globules (~1.5 pm). Smaller globule size indicates more efficient
homogenisation and improved emulsion stability. (Fig. 1).

There was an evident reduction in D3,2 as shear rates were
increased. Comparing shear rates of 8000 rpm in samples Al and A2,
with D3,2 values of around 2.5 um, compared to higher shear rates of
20,000 in samples E1 and E2, with D3,2 values of around 1.5 pm.
Smaller MFG size indicates more efficient homogenisation and improved
emulsion stability. Any significant increase in fat globule size over time
suggests coalescence or the destabilization of the emulsion. The con-
sistency in D3,2 value over time indicates a stable fat emulsion.

4.4. Correlation between pH and fat globule size

A Spearman correlation analysis showed a significant positive rela-
tionship between pH and fat globule size (r = 0.321, p < 0.01. This
suggests that samples with larger globules tended to maintain slightly
higher pH values during storage. Repeated-measures ANOVA indicated
that storage time significantly influenced globule size in several treat-
ments, while other samples remained stable, indicating effective ho-
mogenisation under those conditions.

4.5. Correlation between creaming index and fat globule size

A Spearman correlation analysis showed a significant positive rela-
tionship between creaming index and fat globule size (r = 0.286, p <

Mean Globule Size per Sample over 7-day analysis period

Time
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Fig. 1. Fat Globule Size values of milk samples in batch 2.
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0.01), indicating that samples with larger fat globules tended to have
higher creaming index values. A repeated-measures ANOVA was then
used to assess the effect of storage time (0, 24, 48, 72, and 168 h) on both
CI and globule size. The globule size results are presented in Section
3.2.1. For CI, significant time effects were observed in samples C1 and
F2, reflecting an increase in creaming index during storage.

4.6. Effect of total fat content on fat globule size and physical stability

A repeated-measures ANOVA showed that time had no significant
effect on total fat content (p = 0.631), indicating that fat content did not
change over the storage period. A Spearman’s correlation analysis
(Table 3) further showed no significant relationships (p > 0.05) between
total fat content and pH, creaming index, or fat globule size.

4.7. Batch 3

Batch 3 focused on a reduced number of treatments selected from
earlier experiments to evaluate the most promising homogenisation
conditions for improving emulsion stability and fermentation perfor-
mance. pH declined gradually during storage across treatments,
reflecting normal acidification behaviour of milk (Fig. 2). Statistical
analysis confirmed a significant effect of storage time (p < 0.01).

4.8. Creaming index of milk samples

A Pearson correlation analysis revealed a strong positive relationship
between globule size and creaming index (r = 0.60, p < 0.01), indicating
that samples with larger fat globules tended to have higher creaming
index values. A repeated-measures ANOVA showed a significant effect of
time on fat globule size (p < 0.01), with increases observed particularly
between 24 h and 7 days (p = 0.01) and between 48 h and 7 days (p <
0.01).

4.9. Milk fat globule size analysis

Fat globule size analysis in Batch 3 confirmed trends observed in
earlier experiments (Fig. 3). Higher shear treatments produced smaller
globule sizes and improved stability. Sample E2 showed the lowest D3,2
values (~1.8 pym after 7 days), while the control exhibited the largest
globules (~3.4 um). These findings indicate that increasing shear in-
tensity enhances homogenisation efficiency and emulsion stability.

4.10. Total milk fat content

The total milk fat content showed little variation across samples,
with all values around 4%, indicating no significant impact of homog-
enisation on fat content (p > 0.05). Fat composition remained stable
throughout the analysis period (Fig. 4). A Spearman’s correlation
analysis revealed that, consistent with Batch 2 findings, total fat content
was not significantly correlated (p > 0.05) with pH, creaming index,
globule size, or protein content.

4.11. Protein content
A repeated-measures ANOVA showed that time had a significant

effect on protein content (p = 0.007), indicating small but statistically
detectable differences between time points (0, 24, and 48 h) (Fig. 5).

Table 3
Effects of total fat content on stability parameters in Batch 2.

Parameter Correlation Coefficient Sig. (2 tailed)
pH —0.096 0.333
Creaming Index —0.085 0.393
Globule Size —0.127 0.202

Applied Food Research 6 (2026) 102182

However, protein levels remained close to 3.4% throughout the analysis
period. A Spearman’s correlation analysis revealed that protein content
was positively associated with both pH (r = 0.345, p < 0.008) and
globule size (r = 0.494, p < 0.001), indicating that higher protein levels
corresponded to higher pH and larger fat globules. Although the
observed changes in protein content were statistically significant, vari-
ation was relatively small. From a practical dairy processing perspective,
such differences are unlikely to have a substantial impact on overall
nutritional composition, but they may reflect subtle interactions be-
tween proteins and newly formed fat globule surfaces following ho-
mogenisation (Fig. 6).

4.12. Fermentation

Fermentation experiments were conducted using selected treatments
(D2, E1, E2) along with the control sample to evaluate how homogeni-
sation influenced kefir production.

Fig. 7 shows titratable acidity (% lactic acid) of the kefir samples,
which reflects the total acid content in each sample. A repeated-
measures ANOVA confirmed a significant increase in titratable acidity
over time. Sample E2 exhibited the highest acidification efficiency
during fermentation, accompanied by a controlled pH decline,
compared with the other samples.

A Pearson correlation analysis showed a significant positive associ-
ation between fat globule size and pH post-fermentation (r = 0.361, p <
0.05), indicating that larger globules were associated with higher pH
values (Fig. 8). This relationship highlights the potential role of fat
globule size in influencing kefir production.

5. Discussion

The purpose of homogenisation is to reduce fat globule size and
improve emulsion stability in milk through mechanical forces such as
shear, cavitation, and turbulence (Ren et al., 2020). Samples treated at
lower shear rates (A1-B2, 8000-10,000 rpm) showed a significant in-
crease (p < 0.05) in fat globule size, D[3,2], over the 7-day analysis
period, compared to samples treated at higher shear rates (C1-F2, 12,
000-20,000 rpm), which exhibited a non-significant increase in fat
globule size (p > 0.05) across all three rounds, irrespective of time and
temperature. The non-homogenised control displayed the largest in-
crease in globule size (2.31-8.14 um, Round 3). Shear rate not only
influences fat globule size but is also effective in inactivating microor-
ganisms such as bacterial spores, enzymes, and in stabilising emulsions
(Janahar et al., 2021; Kielczewska et al., 2021a). These results are
consistent with previous findings showing that higher homogenisation
pressures and shear rates effectively break down larger fat globules into
smaller, more uniform particles (Hayes & Kelly, 2003; Ren et al., 2020).
Janahar et al. (2021) explained that higher homogenisation intensity or
greater fat content can lead to coalescence, resulting in larger fat glob-
ules over time, so fat globule size directly after shear treatment may be
smaller than observed during the analysis period.

Similar contrasts were observed between hot (45 °C) and cold (25 °C)
homogenisation temperatures. Higher homogenisation temperatures
(45 °C) produced smaller MFG sizes compared to their 25 °C equivalents,
indicating that elevated temperatures reduce milk viscosity and inter-
facial tension, allowing MFGs to rupture more readily (Thiebaud et al.,
2003). Even with increased pressure at 25 °C, MFG size remained larger
due to higher resistance to disruption and increased rigidity (Wiking
et al., 2022). Milk fat transitions to an amorphous state between 30
and 35 °C, but below this threshold, MFGs are more resistant to shear
disruption (Liu et al., 2021). The results demonstrate that homogeni-
sation at suboptimal temperatures is less efficient, requiring more en-
ergy for effective disruption (Shao et al., 2023; Thiebaud et al., 2003).
Smaller MFGs at 45 °C suggest that proteins may have remained more
intact and available to coat newly formed globules (Janahar et al., 2021;
Liu et al., 2021). Stratakos et al. (2019) reported that pasteurised raw
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Simple Line Mean of pH by Sample by Time
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Fig. 2. pH values of milk samples during Batch 3 over a 7-day storage period under different homogenisation treatments (see Table 1 for processing conditions).
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Fig. 3. Fat Globule Size values of milk samples in batch 3.

milk (72 £ 0.5 °C, 5 min) had significantly smaller fat globule sizes (P < and 60 °C (P < 0.05). Lopez (2005) also reported a 4-8-fold increase in

0.05) than untreated milk, supporting the findings of this study. SSA in homogenised milk compared to raw milk. Heating above 60 °C
Kietczewska et al. (2021b) observed a significant increase in D [3,2] and affects MFGM proteins, causing denaturation and release into the serum
specific surface area (SSA) of homogenised milk as temperatures phase (Huang et al., 2023; Lopez, 2005). In addition to improving ho-
increased from 20 °C to 40 °C, with no significant change between 40 °C mogenisation efficiency, thermal treatment may also influence the
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Fat content (%) vs Sample by Time
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structure and functionality of the milk fat globule membrane (MFGM).
Exposure to elevated temperatures can partially denature
membrane-associated proteins and promote interactions between whey
proteins and the globule surface, which may enhance interfacial sta-
bility. These structural modifications can affect microbial accessibility

to lipids and influence fermentation kinetics. In kefir production, such
changes may contribute to more uniform acidification and improved gel
structure, as microbial activity is facilitated by the increased surface
area and modified membrane composition. However, excessive heat
treatment could potentially disrupt the MFGM structure and alter
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bioactive components, which should be considered in future optimisa-
tion studies.

Regarding homogenisation time, samples Cl1-D2 enabled

comparison of 30- versus 60-second durations at the same shear rates
and temperatures. Over 7 days, D [3,2] changes were as follows: C1
(1.79-2.5 pm), C2 (2.21-2.28 ym), D1 (1.8-2.36 um), D2 (1.78-2.19
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Scatter Plot of Globule Size by pH Post Fermentation
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um). At 0 hrs, C2 had the largest fat globule size but showed no signif-
icant increase (p < 0.05) over 7 days. Samples C1, D1, and D2 had
similar initial D [3,2] values but increased over the 7-day period. While
longer homogenisation times are generally expected to reduce MFG size
and stabilise emulsions, D1 and D2 still showed increases in fat globule
size compared to C2, indicating that temperature and shear rate have a
more significant effect on D [3,2]. Excessive homogenisation may show
diminishing returns, or even partial coalescence due to protein satura-
tion at the fat surface (Pereda et al., 2009).

Optimal MFG size reduction was achieved with moderate-to-high
shear conditions, elevated temperatures, and moderate-to-long dura-
tions (60-90 s). Reduced MFG size influences both visual and textural
quality of milk and plays a key role in kefir fermentation (Shao et al.,
2023). Smaller MFGs, with higher surface-area-to-volume ratios,
interact more effectively with milk proteins and microbial cultures (Ren
et al., 2020), enhancing kefir gel network integrity and producing
smoother textures (Wiking et al., 2022).

A direct correlation was observed between fat globule size and
physical stability indicators, including pH and creaming index, over the
7-day analysis. Samples with smaller MFGs (D2, E1, E2) exhibited
significantly lower creaming indices (p < 0.01), indicating improved
emulsion stability. Smaller fat globules with newly adsorbed proteins
inhibit upward movement and phase separation (Panchal et al., 2017).
After 7 days, samples displayed unpleasant smells, textures, and stability
issues, consistent with Shao et al. (2023), who reported sour, metallic,
and salty off flavours after prolonged storage. Larger MFGs negatively
impacted creaming index (p < 0.01) due to increased buoyancy, while
protein adsorption to new MFGMs helped prevent coalescence and
improved emulsion stability (Kielczewska et al., 2021a). Janahar et al.
(2021) noted that milk treated at high pressure, low temperature (20
°C), for short durations shows increased creaming due to aggregation of
lipoproteins in the MFGM, forming larger clusters. Huppertz et al.
(2003) suggested that skim milk membrane (SMM) networks can also
contribute to fat cluster formation and increased creaming. Homoge-
nised samples consistently showed better stability and sensory proper-
ties than non-homogenised milk (Shao et al., 2023).

The pH of homogenised samples was more stable than in controls
over 7 days. Smaller, well-dispersed MFGs provide higher surface area,
enhancing lactic acid bacteria activity and promoting uniform acid
production to prevent abrupt pH drops (Edén et al., 2016; Sun et al.,
2022). Disrupted MFGM releases fragments and free lipids into the
matrix, further affecting microbial activity (Lopez, 2005).

Fat and protein content remained largely consistent across samples,
with minor reductions in protein from 0 to 48 h, likely due to uniform
dispersion and increased MFG-protein interactions following homoge-
nisation (Wiking et al., 2022). Homogenisation redistributes fat and
protein without altering total content, enhancing functional properties
(Lu et al., 2016). Smaller MFGs provide greater surface area for protein
adsorption, influencing milk functionality (Lu et al., 2016; Wiking et al.,
2022; Zamora et al., 2012). Optimised homogenisation can improve
kefir production, enhancing texture and nutritional qualities.
Kielczewska et al. (2021a) reported no change in protein load with
increasing temperature (20-60 °C), though surface protein load was
slightly higher at 4 °C due to increased interface adsorption.

MEG size significantly affects kefir’s physical properties and micro-
bial fermentation (Xiao et al., 2023; Zhu & Miura, 2024). Homogeni-
sation stabilises milk by producing uniformly dispersed emulsions (Shao
et al., 2023). Smaller MFGs (D2-E2) reduce creaming, preventing phase
separation and improving texture, appearance, and shelf life (Zhu &
Miura, 2024). Smaller globules provide more binding sites for mi-
crobes such as Lactobacillus and Leuconostoc, enhancing fermentation
efficiency and pH control (MAGRA et al., 2012; Raz et al., 2022; Xiao
et al.,, 2023). They also promote uniform distribution of fat-soluble
flavour compounds, whereas larger MFGs produce more intense, local-
ized flavour bursts (MAGRA et al., 2012).

MEFG size influences the interaction between milk fat and proteins,
affecting kefir gel microstructure, viscosity, and mouthfeel (Gul et al.,
2018; Wiking et al, 2022). Homogenisation-induced changes to
MFGM properties impact microbial access to lipids and flavour devel-
opment (Vieira et al., 2015; Wiking et al., 2022). Uniform acidification
of smaller MFGs prevents over-acidification, curdling, syneresis, or un-
desirable textures (Wiking et al., 2022). Kefir made from colostrum with
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larger fat globules forms compact protein-fat networks, enhancing pro-
biotic survival and demonstrating the influence of fat size on gel struc-
ture (Setyawardani et al., 2020).

Despite these advantages, over-homogenisation can produce exces-
sively small MFGs (<0.2 um) with high surface energy and incomplete
MFGM formation, destabilising the emulsion and weakening gel struc-
ture (Gul et al., 2018; Pereda et al., 2009; Vieira et al., 2015). Release of
MFGM phospholipids and proteins into the milk phase can alter lipolysis
and generate off flavours during prolonged storage (Pereda et al., 2009).

While the rotor-stator homogeniser used in this study provides
controlled shear conditions suitable for experimental optimisation, in-
dustrial milk processing typically relies on high-pressure homogenisa-
tion systems. The shear rates generated in rotor-stator systems differ
from those in industrial valves, meaning direct scaling of results should
be interpreted cautiously. Nevertheless, the observed trends in fat
globule size reduction and emulsion stabilisation are consistent with
mechanisms reported in industrial homogenisation processes. There-
fore, the findings provide a useful foundation for future pilot-scale
validation studies aimed at translating these results into practical
dairy manufacturing applications.

This study has several limitations that should be considered when
interpreting the results. First, the homogenisation experiments were
conducted using a laboratory-scale rotor-stator system (Ultra-Turrax),
which differs from industrial high-pressure homogenisation systems
commonly used in dairy processing. Although the results provide valu-
able mechanistic insights into fat globule size reduction and emulsion
stability, further work is required to validate these findings under in-
dustrial processing conditions. Second, the fermentation trials were
conducted using a limited subset of homogenisation treatments and a
relatively small number of batches. Expanding the number of experi-
mental replicates and evaluating additional processing conditions would
strengthen the robustness of the conclusions. Additionally, the sensory
evaluation performed in this study was preliminary and based primarily
on visual assessment. Future work should incorporate structured sensory
panels and rheological measurements to better understand consumer-
relevant quality attributes.Future research should also investigate the
long-term stability of homogenised milk during extended storage and
explore how homogenisation-induced changes in MFGM composition
influence microbial dynamics during fermentation.
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