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generally preserve their biological activity after exposure 
to heat (Jablonski and Bohach, 1997; Jørgensen et al., 
2005). The presence of S. aureus in raw milk before pro-
cessing is a concern because different physical and chem-
ical production techniques are applied during processing 
and ripening of milk products to prevent growth of this 
pathogen and production of enterotoxins. Nevertheless, 
if one of these limiting factors fails, there is a risk of accu-
mulation of staphylococcal enterotoxins (Jørgensen et al., 
2005). Thus, it is important to control growth of S. aureus 
in raw milk and raw milk products. 

In order to ensure milk safety and prolong milk’s shelf 
life, while also improving its sensorial characteristics, 
the dairy industry is developing minimum processing 
techniques (Cava et al., 2007). It has been suggested 
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Abstract

The survival of Staphylococcus aureus in inoculated (105 colony forming units [CFU]/mL) 3.2% and 0.5% fat ultra-
high temperature-pasteurized milk samples containing 0%, 0.05%, or 0.1% cinnamaldehyde stored at 4°C or 10°C 
was evaluated within 15 days. S. aureus populations reached 7.92 (0.5% fat) and 7.95 (3.2% fat) log CFU/mL in con-
trol milk samples stored at 10°C, while in milk sample stored at 4°C, S. aureus counts remained almost unchanged. 
At the end of the study, the number of this pathogen decreased by 1.52–4.04 log CFU/mL in milk treated with 
cinnamaldehyde. The greatest anti-staphylococcal effect was achieved in low-fat milk at 10°C and treated with 
0.1% cinnamaldehyde.
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Introduction

Milk and milk products, being highly nutritious foods, 
are excellent media for the growth of many spoilage and 
pathogenic microorganisms (Noël et al., 2016), includ-
ing Staphylococcus aureus. This pathogen commonly 
exists in dairy production plants (Xing et al., 2016), and 
it is one of the most important causative infective agents 
of clinical and subclinical mastitis in dairy cattle (Nam 
et al., 2011; Basanisi et al., 2017). S. aureus presents an 
important public health burden since it is one of the 
major pathogens responsible for food intoxication (Jans 
et al., 2017). 

In spite of the fact that pasteurization kills S. aureus, it 
has little effect on thermostable enterotoxins, which 
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were bought from a local supermarket. Cinnamaldehyde 
(CA) (98% purity) was purchased from Carl Roth, 
Germany and stored at 4°C prior to use. S. aureus was 
obtained from the American Type Culture Collection 
(ATCC 25923). 

Determination of minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of cin-
namaldehyde was determined in a non-milk matrix using 
sterile U-bottom 96-well microplates. The bacterial inoc-
ulum density was set to 0.5 on the McFarland scale, then 
further diluted 10 times in sterile saline; 5 μL of this sus-
pension was inoculated into 0.1 mL of Cation-Adjusted 
Mueller–Hinton Broth (CAMHB; Becton, Dickinson and 
Company, Sparks, USA) to reach a final S. aureus ATCC 
25923 inoculum of 5 × 104 colony forming units (CFU)/
well. Cinnamaldehyde was diluted in dimethyl sulfoxide 
(Serva, Heidelberg, Germany) and added to CAMHB in 
the levels of 2560–1.25 μg/mL by two-fold dilution in 
96-well microtitre plates. After inoculation, plates were 
incubated for 24 h at 37°C. The MIC was the lowest 
concentration of cinnamaldehyde that did not show any 
visual growth of S. aureus after macroscopic evaluation, 
and it was expressed in μg/mL (Clinical and Laboratory 
Standards Institute [CLSI], 2006). The plates were pre-
pared in triplicate.

Sample preparation and storage conditions

Milk containing 0.5% or 3.2% fat was analyzed for 
S. aureus to confirm the absence of this pathogen. 
Approximately 5 log CFU/mL of S. aureus was inoc-
ulated into S. aureus-free milk containing 0.5% or 3.2% 
milk fat. The concentration of the inoculum was verified 
by the standard plate count method and determined as 
5.55–5.60 log CFU/mL. To study the survival of S. aureus 
in milk, different concentrations of cinnamaldehyde 
(0.05% and 0.1%) were added to milk samples with 0.5% 
(reduced fat) and 3.2% (whole milk) milk fat, whereas 
controls were without cinnamaldehyde but were inoc-
ulated with S. aureus. The selection of these concentra-
tions of cinnamaldehyde was based on previous sensory 
evaluations (Babic et al., 2019). After addition of cin-
namaldehyde, all milk samples were divided into halves 
and stored in sterile glass bottles at 4°C and 10°C for 15 
days. This temperature of 10°C was selected as an abuse 
temperature. The milk samples are described in Table 1.

Microbiological and pH analysis

All milk samples were examined on storage days 0, 3, 6, 
9, 12, and 15. For bacterial enumeration, 25 mL of milk 

that addition of plant extracts, including cinnamon, can 
enhance microbiological safety, and it positively affects 
the sensory attributes of processed dairy products and 
milk-based desserts such as rice pudding and vanilla 
cream pudding (Tayel et al., 2015; Lianou et al., 2018). 
When added to butter, cinnamon (3%) lowered microbial 
growth during storage and exhibited antioxidant activity, 
thus retarding the spoilage of butter by positively influ-
encing its sensorial characteristics (Vidanagamage et al., 
2016). Thus, cinnamon could be successfully incorpo-
rated in butter as a natural preservative instead of syn-
thetic preservatives.

Cinnamon contains 85.3–90.5% cinnamaldehyde (Doyle 
and Stephens, 2019). Together with eugenol, isoeugenol, 
vanillin, and safrole, cinnamaldehyde is one of the best 
studied phenylpropenes (Nazzaro et al., 2013). Trans-
cinnamaldehyde exhibits a wide range of beneficial 
effects, including antibacterial, antifungal, antioxidant, 
anti-inflammatory, anti-diabetic, neuroprotective, and 
antitumor (Masghati and Ghoreishi, 2018; Doyle and 
Stephens, 2019), while cis-cinnamaldehyde, the geomet-
rical isomer of trans-cinnamaldehyde, exhibits antifun-
gal properties (Doyle and Stephens, 2019). Essential oil 
(EO) of cinnamon has found application in food indus-
try because of its various components, including cin-
namaldehyde, a major ingredient of cinnamon bark oil 
(Masghati and Ghoreishi, 2018). Most essential oils and 
their components, including trans-cinnamaldehyde, 
are generally recognized as safe (GRAS) and accepted 
by consumers (Burt, 2004). Owing to their antibacterial 
and antioxidant properties, essential oils can be used 
as potential natural preservatives in different foods, 
including flavored drinks (Cava et al., 2007). Flavored 
milk has increased in popularity in recent years; never-
theless, there are few data available in literature about 
the effect of adding essential oils directly to milk before 
cheese-making (Licon et al., 2020). 

The focus of the present study was to determine whether 
trans-cinnamaldehyde could be a potential natural anti-
bacterial agent in milk, hence ultra-high temperature 
(UHT)-pasteurized milk was used as a matrix to elimi-
nate any possible interactions with the microbiota nor-
mally present in raw milk. The aims of the study were 
to: (1) evaluate the anti-staphylococcal effect of different 
concentrations of cinnamaldehyde (0.05% and 0.1%) on 
S. aureus in milk; and (2) determine the influence of dif-
ferent fat contents (0.5% and 3.2% milk fat) and different 
storage temperatures on survival of S. aureus in milk.

Materials and Methods

Trans-cinnamaldehyde and S. aureus culture, UHT-
pasteurized milk samples containing 0.5% and 3.2% fat 
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Table 1. Experimental design.

Medium Cinnamaldehyde Temperature Milk samples

Milk containing 
0.5% fat with  
S. aureus

0% 4°C 1. Milk containing 0.5% fat with S. aureus and without cinnamaldehyde stored at 4°C.

0.05% 2. Milk containing 0.5% fat with S. aureus and 0.05% cinnamaldehyde stored at 4°C.

0.1% 3. Milk containing 0.5% fat with S. aureus and 0.1% cinnamaldehyde stored at 4°C.

0% 10°C 4. Milk containing 0.5% fat with S. aureus and without cinnamaldehyde stored at 10°C.

0.05% 5. Milk containing 0.5% fat with S. aureus and 0.05% cinnamaldehyde stored at 10°C.

0.1% 6. Milk containing 0.5% fat with S. aureus and 0.1% cinnamaldehyde stored at 10°C.

Milk containing 
3.2% fat with S. 
aureus

0% 4°C 7. Milk containing 3.2% fat with S. aureus and without cinnamaldehyde stored at 4°C.

0.05% 8. Milk containing 3.2% fat with S. aureus and 0.05% cinnamaldehyde stored at 4°C.

0.1% 9. Milk containing 3.2% fat with S. aureus and 0.1% cinnamaldehyde stored at 4°C.

0% 10°C 10. Milk containing 3.2% fat with S. aureus and without cinnamaldehyde stored at 10°C.

0.05% 11. Milk containing 3.2% fat with S. aureus and 0.05% cinnamaldehyde stored at 10°C.

0.1% 12. Milk containing 3.2% fat with S. aureus and 0.1% cinnamaldehyde stored at 10°C.

was transferred into a sterile Stomacher bag and 225 mL 
of Buffered Peptone Water (BPW; Merck, Germany) was 
added. The contents of each bag were homogenized in a 
Stomacher blender (Stomacher 400 Circulator, Seward, 
UK) for 2 min. Serial decimal dilutions were prepared 
and 0.1 mL of appropriately diluted suspension was 
plated on Baird Parker agar (Oxoid CM 275, Basingstoke, 
Hampshire, UK) with egg yolk tellurite emulsion (Oxoid 
CM 275, Basingstoke, Hampshire, UK) and incubated at 
37°C for 24 h according to EN ISO 6888-1 (International 
Organization for Standardization [ISO], 1999). The num-
ber of colonies was counted, and results were recorded as 
colony forming units per milliliter. 

The pH of milk samples was measured using a portable 
pH meter (Testo 205; Testo AG, Lenzkirch, Germany). 
The pH meter was calibrated with standard buffer solu-
tions of pH 4.0 and 7.0 prior to use.

Statistical analysis

Six randomized milk samples from each group were 
analyzed on each examination day. Number of micro-
organisms were transformed into logarithms (log) 
before statistical analysis. Statistical analysis of the 
results was conducted using the SPSS 20.0 software 
(IBM, Chicago, IL, USA). The S. aureus counts were 
expressed as mean ± standard deviation. A three-way 
ANOVA analysis was used to investigate factor effects 
(concentrations of cinnamaldehyde, temperature, and 
fat%) and interactions among them on log-transformed 
S. aureus counts. Statistical differences between exam-
ined groups were determined by Tukey’s post hoc 
multiple comparisons test. P < 0.05 was considered 
statistically significant.

Results and Discussion

Anti-staphylococcal effect of cinnamaldehyde in milk 
during storage

The MIC of cinnamaldehyde against S. aureus was 
160 μg/mL, showing that cinnamaldehyde was able 
to inhibit growth of this pathogen at low concentra-
tions in the non-milk matrix used. Alves et al. (2016) 
reported a cinnamaldehyde MIC of 100 µg/mL against 
S. aureus, in agreement with the result of the present 
study. Nevertheless, in spite of the good antibacterial 
effect in vitro, hydrophobic essential oil constituents are 
impaired by interactions with food matrix components, 
hence higher concentrations are needed to achieve the 
same antibacterial effect in food (Hyldgaard et al., 2012). 
Thus, in the present study, approximately 4- and 9-fold 
higher concentrations (0.05% and 0.1%) of cinnamalde-
hyde than the obtained MIC were added to milk samples. 

Significant (P < 0.05) antibacterial activity against S. aureus 
was found in milk samples at the cinnamaldehyde concen-
trations used (0.05% and 0.1%) when compared with the 
controls without cinnamaldehyde (Table 2).

Initial S. aureus counts ranged from 5.55 to 5.60 log 
CFU/mL. On day 0, S. aureus counts were significantly 
(P < 0.05) higher in controls than in milk samples with 
cinnamaldehyde at 4°C and at 10°C, indicating the imme-
diate antibacterial effect of cinnamaldehyde. Regardless 
of fat content, in control milk samples without cin-
namaldehyde stored at 4°C, with the exception of a slight 
decrease observed on day 3, the S. aureus populations 
remained almost unchanged for 15 days compared with 
the initial populations in milk samples. Nevertheless, at 
10°C, S. aureus counts increased to approximately 7.92 
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(3.2% milk fat with 0.05% cinnamaldehyde at 10°C), and 
2.96  log CFU/mL (3.2% milk fat with 0.1% cinnamalde-
hyde at 10°C). The anti-staphylococcal effect of cinnamal-
dehyde found in the present study was in agreement with 
previous reports. Alves et al. (2016) reported that growth 
of S. aureus was inhibited by the combination of nisin 
and cinnamaldehyde in pasteurized 3% fat milk stored at 
4°C for 6 days. 

The mechanism of cinnamaldehyde’s antibacterial action 
is known and well described. The antibacterial activity 
of cinnamaldehyde is attributed to a free hydroxyl group 
(Nazzaro et al., 2013). Cui et al. (2016) reported that after 
treating S. aureus with cinnamon essential oil, cell mem-
brane injury and leakage of intracellular material were 
observed. Loss of ATP and DNA were detected because 
of bacterial cell membrane damage. Some reports indi-
cate that cinnamaldehyde inhibits the membrane-bound 
ATPase activity (Usta et al., 2003; Gill and Holley, 2004). 
Di Pasqua et al. (2006) found that trans-cinnamalde-
hyde causes changes in the composition of fatty acid and 
large increase in the proportion of saturated fatty acids 
in membrane phospholipids. Shen et al. (2015) evalu-
ated the effect of cinnamaldehyde on inner membrane 
permeability of S. aureus by measuring β-galactosidase 
activity. The authors found that β-galactosidase activity 
increased with increase in cinnamaldehyde concentra-
tion, leading to the conclusion that effects on membranes 
are dose- dependent. In our previous pilot study (Babic 

log CFU/mL (0.5% milk fat) and 7.95 log CFU/mL (3.2% 
milk fat) by the end of storage (day 15) in milk samples 
without cinnamaldehyde. Growth of S. aureus is possible 
at temperatures above 8°C at optimum pH values rang-
ing between 6.0 and 7.0 (Valero et al., 2009). In all milk 
groups studied, the pH was within the optimal range 
(Figure 1) and enabled S. aureus to grow and survive at 
the utilized storage temperatures. 

In contrast, S. aureus counts decreased during 15 days’ 
storage in all milk samples with added cinnamalde-
hyde. The decrease was less pronounced during the first 
3 days of storage, and during this time no significant dif-
ferences (P > 0.05) in S. aureus numbers were recorded 
between milk samples stored at 4°C and those stored at 
10°C. From day 6 until the end of storage period (day 
15), significantly greater S. aureus decrease (P < 0.05) 
was recorded in milk samples with added cinnamalde-
hyde stored at 10°C than in comparable milk samples 
stored at 4°C. At the end of the study, in milk samples 
treated with cinnamaldehyde, S. aureus numbers had 
decreased by 1.61 log CFU/mL (0.5% milk fat with 0.05% 
cinnamaldehyde at 4°C), 2.45  log  CFU/mL (0.5% milk 
fat with 0.1% cinnamaldehyde at 4°C), 1.52  log  CFU/
mL (3.2% milk fat with 0.05% cinnamaldehyde at 4°C), 
1.82  log CFU/mL (3.2% milk fat with 0.1% cinnamalde-
hyde at 4°C), 3.1 log CFU/mL (0.5% milk fat with 0.05% 
cinnamaldehyde at 10°C), 4.04  log  CFU/mL (0.5% milk 
fat with 0.1% cinnamaldehyde at 10°C), 2.34 log CFU/mL 

Table 2. S. aureus counts (log CFU/mL) in milk with and without added cinnamaldehyde (CA), stored at 4°C and 10°C (mean ± SD), and the 
significance of interactions between cinnamaldehyde, storage temperature, and milk fat.

CA
concentration

Temperature Fat Days

0 3 6 9 12 15

0% 4°C 0.5% 5.56 ± 0.06a 5.43 ± 0.10ac 5.46 ± 0.06a 5.48 ± 0.04a 5.57 ± 0.11a 5.56 ± 0.05a

3.2% 5.60 ± 0.07a 5.45 ± 0.09a 5.49 ± 0.10a 5.50 ± 0.06a 5.64 ± 0.08a 5.63 ± 0.06a

10°C 0.5% 5.55 ± 0.08a 6.98 ± 0.10b 7.21 ± 0.05b 7.49 ± 0.07b 7.47 ± 0.07b 7.92 ± 0.07b

3.2% 5.57 ± 0.09a 7.00 ± 0.16b 7.23 ± 0.15b 7.43 ± 0.07b 7.45 ± 0.08b 7.95 ± 0.10b

0.05% 4°C 0.5% 5.40 ± 0.06b 5.32 ± 0.07adce 5.15 ± 0.07c 4.62 ± 0.09c 4.44 ± 0.05c 3.95 ± 0.09c

3.2% 5.32 ± 0.07bc 5.23 ± 0.04def 5.11 ± 0.08c 4.89 ± 0.07d 4.28 ± 0.06d 4.08 ± 0.07c

10°C 0.5% 5.21 ± 0.05cd 5.26 ± 0.05cdef 4.51 ± 0.05d 3.81 ± 0.05e 3.04 ± 0.07e 2.45 ± 0.07d

3.2% 5.34 ± 0.07bc 5.30 ± 0.10adef 4.87 ± 0.08eg 4.00 ± 0.13f 3.90 ± 0.08f 3.23 ± 0.07e

0.1% 4°C 0.5% 5.28 ± 0.07bc 5.20 ± 0.08ef 4.94 ± 0.06g 4.46 ± 0.08g 4.10 ± 0.09g 3.11 ± 0.07e

3.2% 5.26 ± 0.06bc 5.18 ± 0.05ef 5.04 ± 0.08cg 4.56 ± 0.06cg 4.26 ± 0.08d 3.78 ± 0.07f

10°C 0.5% 5.11 ± 0.08d 5.14 ± 0.06f 4.08 ± 0.07f 3.62 ± 0.08h 2.51 ± 0.06h 1.51 ± 0.04g

3.2% 5.27 ± 0.06bc 5.25 ± 0.07ef 4.48 ± 0.08d 3.18 ± 0.09i 3.11 ± 0.07e 2.61 ± 0.10h

Conc. CA × *Temp. NS ** ** ** ** **

Conc. CA × Fat% NS NS ** ** ** **

Conc. CA × Temp. × Fat% * NS ** ** ** **

a–iDifferent superscript letters in the same column, P < 0.05.
NS: Not significant. 
*P < 0.05; **P < 0.001.
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Figure 1. pH of milk stored at 10°C. 

et al., 2019), we found that the antibacterial effect of cin-
namaldehyde was dependent on its concentration in 1.5% 
fat milk inoculated with 103 CFU/mL S. aureus stored at 
4°C for 12 days. The same observation was made in the 
present study, showing significantly (P < 0.05) higher 
inhibition with 0.1% than 0.05% cinnamaldehyde used, 
but only for milk samples stored at the same temperature. 
It is supposed that essential oils are more effective when 
added at higher concentrations because after interactions 
with food matrix components (e.g. proteins and fats), 
more of the essential oil remains to interact with the bac-
terial cells (Hyldgaard et al., 2012; Boskovic et al., 2017).

One of the most important findings of the present study 
was the greater bacteriostatic effect of cinnamaldehyde 
at higher temperature. Significantly greater S. aureus 
decrease (P < 0.05) was recorded in milk samples with 
cinnamaldehyde stored at 10°C than in milk samples 
with same concentration of cinnamaldehyde stored at 
4°C. With the expected exception of day 0, the interac-
tions of storage temperature and cinnamaldehyde con-
centration (P =  0.001; factorial ANOVA) on S. aureus 
counts (P = 0.207; factorial ANOVA) were statistically 
significant. At 4°C, 0.05% cinnamaldehyde decreased the 
number of S. aureus to 3.95 log CFU/mL in low-fat milk 
and to 4.08 log CFU/mL in whole milk, while at 10°C, this 
concentration of cinnamaldehyde decreased S. aureus 
counts to 2.45 log CFU/mL in low-fat milk and to 3.23 
log CFU/mL in whole milk. When added at higher con-
centration (0.1%), cinnamaldehyde reduced the initial S. 
aureus population to 3.11 log CFU/mL in low-fat milk 

and to 3.78 log CFU/mL in whole milk in samples stored 
at 4°C, while a significantly lower number (P < 0.05) of 
S. aureus was recorded in milk samples treated with 
the same concentration of cinnamaldehyde and stored 
at 10°C (1.51  log CFU/mL in low-fat milk and 2.61 log 
CFU/mL in whole milk). 

One possible explanation for this temperature-depen-
dent antibacterial effect of cinnamaldehyde is that bacte-
ria are metabolically more active at higher temperatures. 
Consequently, growth and death rates are higher at higher 
temperature (Smith-Palmer et al., 1998; Yuste and Fung, 
2003; Guler and Seker, 2009). In addition, the lower 
growth rate of bacteria at lower temperatures can make 
them less susceptible to antimicrobials (Martinsen et al., 
1992). Also, at lower temperatures, essential oils have 
lower diffusion rates, and this reduces the efficiency of 
their antibacterial activity (Wojtys and Jankowski, 2004; 
Leja et al., 2019). Even a small change in temperature 
causes significant changes in the efficiency of their action, 
which is why the doses of essential oils must be signifi-
cantly higher at lower temperatures (Leja et al., 2019). 
These effects are in agreement with the results of present 
study. In milk samples with the same amount of fat, the 
anti-staphylococcal effect of 0.05% cinnamaldehyde was 
significantly (P < 0.05) more pronounced at 10°C than the 
effect of 0.1% cinnamaldehyde at 4°C (Table 2). In addition, 
Smith-Palmer et al. (1998) reported that the target site of 
cinnamon essential oil can change, and oil penetration to 
the interior of the cell can be reduced due to alterations 
in membranes at lower temperatures. Higher antibacterial 
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However, when milk without cinnamaldehyde was stored 
at 10°C, decline in pH was observed regardless of the fat 
content. In fact, on day 3, the pH of milk without cin-
namaldehyde stored at 10°C (Figure 1) decreased slightly 
compared with the initial pH values, but from day 6, sig-
nificant (P < 0.05) pH declines were measured. The pH 
of this milk kept on decreasing throughout the 15 days’ 
storage, reaching pH values of 5.32 (0.5% milk fat) and 
5.33 (3.2% milk fat). Growth of S. aureus in these milk 
samples (Table 2) matched decline in pH. Under aerobic 
conditions, S. aureus can ferment milk sugar and lac-
tose, creating acids responsible for the storage-induced 
decline in milk pH (Medveďová and Valík, 2012). The pH 
of milk samples with cinnamaldehyde added and stored 
at 10 °C did not significantly differ between each other.

Conclusion

These results indicate that it could be possible to use 
cinnamaldehyde as a natural anti-staphylococcal agent 
in milk beverages. S. aureus numbers in milk were 
affected by cinnamaldehyde in a dose-dependent man-
ner. Cinnamaldehyde showed a greater antibacterial 
effect against S. aureus in low-fat milk than in whole 
milk. Temperature had a strong effect on the anti-staphylo-
coccal effect of cinnamaldehyde; hence, the lower concen-
tration of cinnamaldehyde in milk stored at 10°C tended 
to have a better anti-staphylococcal effect than the higher 
concentration of cinnamaldehyde in milk stored at 4°C. 
Nevertheless, even if the results of our study are promising, 
and if flavored milk is becoming increasingly popular, fur-
ther investigations are required to determine the antibacte-
rial effectiveness of cinnamaldehyde in raw milk and dairy 
products and to conduct sensory analysis of final products.
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