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Abstract

The heat treatment process usually affects the quality and safety of milk and could produce different compounds,
including furosine and furfurals. To help evaluate the effect of different heating temperatures on furfurals, a
method based on gas chromatography-mass spectrometry (GC-MS) combined with QUECKERS (quick, easy,
cheap, effective, rugged, and safe) extraction technology was used to detect four furfural compounds, including
furfural, 2-acetylfuran, 5-methyl-2-furfural, and 5-hydroxymethyl-2-furfural. A sample extraction was performed
with acetonitrile, and the use of both octadecylsilyl (C18) and primary secondary amine (PSA) sorbents can pro-
vide satisfactory recoveries. The determination of furosine was performed by using a high performance of liquid
chromatography method (HPLC), and the milk samples were hydrolyzed with HCI for 18 h at 110°C. Under the
optimized conditions, good linearity was obtained with linear correlation coefficients (R%) above 0.99, and the
recovery values from the spiked samples were 88.1-109.5%. The limits of detection were in the range of 0.005
mg/kg—0.015 mg/kg. The established GC-MS and HPLC methods were successfully applied to market milk sam-
ples and heat-treatment samples. The highest detection values for 5-hydroxymethyl-2-furfural and furosine were
0.051 mg/kg and 593.2 mg/100 g protein, respectively, in charcoal-flavored fermented milk. It showed a high cor-
relation between the formation of 5-hydroxymethyl-2-furfural with the treatment temperature and time, and the
maximum content was 0.886 mg/kg after heating for 180 min at 100°C. However, there was no noticeable linear
increase of furosine concentrations when certain temperatures and heating times were reached; the maximum
value was 55.0 mg/L after heating for 60 min at 100°C, and 55.4 mg/L after heating for 150 min at 80°C.
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Introduction is important and essential for consumers. As a “national

beverage,” the quality and safety of milk products has
Milk products are rich in protein, fat, lactose, minerals, received more attention in recent years (Sakkas et al.,
and vitamins, which are the best sources of calcium for 2014). However, milk products as a type of heat-pro-
human health. With the improvement in living stan- cessed food can experience the Maillard reaction between
dards, milk products have become a nutritious food that the carbohydrates and proteins, which is also known as
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a “nonenzymatic browning reaction” The Maillard reac-
tion leads to a decrease in milk product nutrients, which
is mainly divided into the initial stage, middle stage, and
final stage (Cortés et al., 2018). Furosine, as a marker
product in the initial stage of the Maillard reaction, is
usually thought to be an indicator of heat damage, and
it can be used to identify whether reconstituted milk is
added into fresh milk (Ferrer et al., 2003; Lan et al., 2010;
Sunds et al., 2018).

During the sterilization process of milk products, differ-
ent furfural compounds will be produced, which include
5-hydroxymethyl-2-furfural (5-HMF) and furfural (F).
Furfural compounds have attracted more attention
because their content can reflect the sterilization pro-
cessing temperatures of milk products (Chavez et al.,
2006; Wherry et al., 2019). The study of 5-HMF in milk
products has received special attention because it has
been found to exhibit mutagenic and DNA strand-break-
ing activity, and there are many reports about the cyto-
toxic, genotoxic, mutagenic, and carcinogenic effects
of 5-hydroxymethyl-2-furfural (Abraham et al., 2011;
Chavez-Servin et al., 2015; Giovanelli and Cappa, 2021).
Notably, 5-HMF is produced when the temperature is
high, and the higher the temperature, the higher the pro-
duction of 5-HME. Dr. Xing reported that the initial con-
tent of 5-HMF in UHT was 0.37 mg/kg following 5 days
of storage at a high temperature of 60°C, and the value
increased to 0.74 mg/kg (Xing et al., 2021). The Codex
Alimentarius of the World Health Organization and the
European Union have established a maximum quality
level of 40 mg/kg in honey and 50 mg/kg in apple juice for
5-HMEF. However, there is no relevant limits standard in
milk products for 5-HMF. Therefore, analytical methods
with good applicability, high accuracy, and high sensitiv-
ity for the determination of furfural compounds, particu-
larly 5-HMF in milk products, are in great demand.

At present, the detection methods of furosine in milk
products mainly include high performance liquid chro-
matography (HPLC) (Cho et al., 2012; Gémez-Narviez
et al., 2017; Mayer et al., 2010), ion pair chromatography
(Tokusoglu et al., 2006), and capillary zone electrophore-
sis (Bignardi et al., 2012; Delgado-Andrade et al., 2005).
These methods all take a certain approach that involves
acid hydrolysis, which can lead to unreliable repeatabil-
ity and inaccuracy of the determination results (Cattaneo
et al., 2008; Sabater et al., 2018). However, few papers
reported using advanced technology, such as the quad-
rupole-orbitrap mass spectrometry method and liquid
chromatography coupled with tandem mass spectrom-
etry (LC-MS/MS) because of expensive equipment (Liu
et al., 2020; Poojary et al., 2019). Therefore, it is import-
ant to find the key factors affecting the detection results
of furosine and to establish a more reliable method
for the research of furosine. The traditional detection
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methods of the furfural compounds in milk products are
ultraviolet spectrophotometry, micellar capillary electro-
phoresis, and derivatization spectrophotometry (Sun et
al., 2017; Yang et al., 2012). Most of the methodologies
currently applied to the analysis of furfurals in milk prod-
ucts are based on the HPLC method (Ferrer et al., 2005;
Li et al., 2021). These classical techniques for the analysis
of furfurals require extensive sample preparation, and the
detection limits were high (Kalal ez al., 2007; Masoumeh
et al., 2015; Mesias-Garcia et al., 2010). In recent years,
mass spectrometry methods have been applied to the
monitoring of furfurals; for example, a method using
LC-MS with an atmospheric pressure chemical ioniza-
tion (APCI) source for the analysis of 5-HMF has been
published (Gokmen et al., 2006). The gas chromatog-
raphy-mass spectrometry (GC-MS) method (Pifeiro-
Garcia et al., 2018), as well as the gas chromatography
coupled with triple quadrupole mass spectrometry (GC-
MS/MS) method, are also optimal options to ensure the
unequivocal identification and quantification of furfural
compounds in milk products (Cui et al., 2020; Teixid6
et al., 2006).

The aim of the present work was to develop and val-
idate a GC-MS method for the simultaneous deter-
mination of four furfural compounds—furfural (F),
5-methyl-2-furfural (MF), 2-acetylfuran (FMC), and
5-hydroxymethyl-2-furfural (5-HMF)—in milk products.
The sample was prepared using the modified QUEChERS
method. This method should provide effective guidance
for the establishment of the limit standards of 5-HMF in
milk products. We determined furosine using the stan-
dard hydrolysis method, and the critical hydrolysis time
was determined in our research. Quality parameters were
established, and the proposed methods were successfully
applied to the determination of 5-HMF and furosine in
the milk samples. Both of the established GC-MS and
HPLC methods save time and cost. The determination
results of the two compounds can be used to evaluate the
quality of dairy products, which are important indicators
for the effects of processing temperature on quality.

Materials and Methods
Reagents and materials

Furosine dihydrochloride with purity > 98.0% was pro-
vided by the Alta Scientific Corporation (Tianjin, China).
In addition, 5-HMF with purity > 97.8%, MF with purity
> 99.6%, and F with purity > 99.5% were obtained from
Dr. Ehrenstorfer GmbH (Augsburg, Germany), and FMC
with purity > 98.0% was provided by ANPEL Laboratory
Technologies (Shanghai, China). Chromatographic grade
acetonitrile was purchased from Sigma-Aldrich (Santa
Clara, United States). Ultra-pure water was purified from
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a Milli-Q-Plus ultra-pure water system from Millipore
Sigma (Millipore, Bedford, MA, United States). The
analytical-grade reagents, including sodium acetate
anhydrous, magnesium sulfate anhydrous (MgSO,),
hydrochloric acid, and ammonium acetate, were pur-
chased from XiLong Scientific Co., Ltd. (Guangzhou,
China), and the analytical reagent grade sodium chlo-
ride was from the China National Pharmaceutical
Group Chemical Testing (Beijing, China). The primary
secondary amine (PSA; 40-63 um, ultraclean bulk
for QUEChERS) and C; (50 pm, ultraclean bulk for
QuEChERS) were obtained from Agela Technologies
(Shanghai, China). The casein, whey protein, and glucose
were food grade and were purchased from Zhengzhou
Longsheng Chemical Products Co., Ltd. (Zhengzhou,
China).

Instrumentation

A gas chromatograph-mass spectrometry, model number
7890A-5975C, manufactured by Agilent Technologies
Inc., was used in this study. The HPLC equipment was
manufactured by Thermo Fisher Scientific, and its model
number was U3000. The desktop high-speed centrifuge
(Sorvall ST 16R Centrifuge), manufactured by Thermo
Fisher Scientific, was used in this study. The MX-S
mixer used in the extraction step was manufactured by
the Wanshun Instrument Company (Jiangsu, China).
The ultrasonic cleaner (SB-120 DTN) was from Ningbo
Scientz Biotechnology Co., Ltd. (Ningbo, China), the
samples for heat treatment analysis were obtained from a
heated on-the-dry bath heater instrument, and the heat-
ing unit was made of aluminum blocks (SBH130D and
SBH200D, Stuart Company, England).

High performance of liquid chromatography
The furosine was analyzed using the HPLC method. The

mobile phase, which was degassed and filtered before
analysis, consisted of 0.1% formic acid in water A and

methanol B. The eluent flow rate was 1.0 mL/min with
the mobile phase initially consisting of 95% A and 5% B,
and then decreased linearly to 85% A from 0 min to 15
min. This period held for 5 min, from 15 min to 20 min,
and finally recovered to 95% A in 1 min and was held for
9.0 min. The ultraviolet detection wavelength measure-
ments were carried out at 280 nm. All of the samples
were separated in the column of an AQ-C18 (4.6 x 250
mm, 5 pm, Welch ultimate, United States). The injection
volume was 20 pL, and the temperature of the column
oven was maintained at 40°C. The HPLC chromatogram
of furosine is shown in Figure 1.

Gas chromatography-mass spectrometry

The TG-5 MS (30 m x 0.25 mm, 0.25 pum, Thermo Fisher,
United States), cp-WAX (50 m x 0.25 mm, 0.25 um,
Agilent, United States), and Rtx-WAX (30 m x 0.25 mm,
0.25 pm, Shimadzu, Japan) were selected for the separa-
tion of the four furfural compounds. The carrier gas used
was helium at a constant flow rate of 1.0 mL/min. The
extract injected volume was 1 pL, and the injection mode
was a split-less mode. The initial oven temperature was
set at 60°C and held for 2 min, then raised to 120°C at
the rate of 20°C per minute. It finally increased to 220°C
at 10°C per minute and was held for another 10 min.
The inlet temperature was 230°C, the temperature of the
transfer line was set to 250°C, and the ion source tem-
perature was 230°C. The mass spectrometer was operated
in electron ionization mode at 70 eV with a selected ions
monitoring mode (SIM), and the quadruple temperature
was set at 150°C. The data acquisition and analysis were
performed using the software supplied by Agilent. The
GC-MS chromatogram of a mixed standard solution of
the four furfural compounds is shown in Figure 2A.

Sample selection and heat treatment

Different types of milk samples were purchased from
retail stores for the analysis of furfural compounds and
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Figure 1. High performance of liquid chromatography chromatogram of furosine.
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Figure 2. The gas chromatography-mass spectrometry chromatograms of furfural compounds standards solution and milk
sample: (A) furfural compounds standards solution and (B) sample E5.

furosine. According to the sterilization condition, we
selected low temperature pasteurized milk, high tem-
perature pasteurized milk, and ultra-high temperature
sterilization milk for research. The heat-treatment anal-
ysis samples were obtained artificially by mixing 2.8
g of casein, 0.7 g of whey protein, and 7.0 g of glucose
in 100 mL of pure water. After the raw materials were
mixed evenly, the different heat treatment times were set
as 30 min, 45 min, 60 min, 90 min, 120 min, 150 min,
and 180 min by replacing a heating tube, and the tem-
peratures were set at 25°C, 40°C, 60°C, 80°C, and 100°C,
respectively. Samples were immediately taken after
cooling at room temperature. The furosine content was

detected using the HPLC method, and the 5-HMF con-
tent was determined using the GC-MS method.

Sample preparation

For the determination of furfural compounds, 5.0 g milk
samples were mixed with 10 mL of acetonitrile (ACN) in
50 mL centrifuge tube and then thoroughly vortexed for
2 min to extract the furfural. Then, 3 g of sodium chloride
(NaCl) and 1 g of sodium acetate anhydrous (NaAc) were
added, and the mixture was vortexed for 2 min, followed
by sonication for 20 min. In addition, 3 g of magnesium
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sulfate anhydrous (MgSO,) was added to the mixture to
remove water, and the samples were centrifuged at 8000
x.g. for 5 min. Then, 1 mL of supernatant was transferred
to a 10 mL centrifuge tube and 40 mg of C , adsorbent, 10
mg of PSA adsorbent, and 100 mg of MgSO, were added,
vortexed for 1 min, and centrifuged for 5 min in 5000 x.g.
The supernatant was filtered with a 0.22 um PTFE mem-
brane and finally analyzed by GC-MS.

For the analysis of furosine, we accurately measured 2 mL
of milk in a closed heat-resistant tube, added 6 mL of
10.6 mol/L hydrochloric acid, and mixed well. The tube
was put in a drying oven and heated at 110°C for hydroly-
sis. The test tube was shaken after hydrolysis for 1 h, and
the heating time was 18 h. When the tube temperature
cooled down, the hydrolysate sample was filtered and 1
mL was put in a 10 mL centrifuge tube, and 5 mL of 6
g/L ammonium acetate solution was added. Finally, the
hydrochloric acid solution was mixed well and filtered
through a 0.22 um aqueous phase membrane and tested
using the HPLC equipment.

Results and Discussion
Optimization of GC-MS conditions

The mass spectrogram of each furfural compound was
obtained by full scan mass spectrogram, and one quan-
titative ion and one or two qualitative ions were selected
for each compound, respectively. The quantitative and
qualitative ions were selected according to the intensity
of the ions, and the ions with the largest abundance were
selected as the quantitative ions. According to the reten-
tion time of these compounds, the selective ion detection
mode was carried out in different time periods, and the
most important was to ensure that there was no interfer-
ence between the detected compound ions in each time
period. The parameters for the four furfural compounds
are shown in Table 1.

Because the target compounds have aldehyde, ether,
and ketone functional groups, three different chromato-
graphic columns, including TG-5 MS, cp-WAX, and
Rtx-WAX, were chosen to separate the furfural com-
pounds. When the furfurals were separated on the TG-5

MS column, the results included serious tailing and poor
separation efficiency, while the cp-WAX and Rtx-WAX
chromatographic columns offered sharp peaks and high
resolution. Between the two polar columns, we finally
chose the cp-WAX column because it seemed that the
four furfurals have higher intensity by the separation of
cp-WAX column than that of the Rtx-WAX column.

Optimization of samples preparation

The hydrolysis procedure of furosine in milk samples was
very critical, and we designed three different tests for the
optimization of the hydrolysis procedure. The results
were obtained by adding the furosine standard solutions
to the milk samples, and each test was designed to check
the sample without adding the furosine standard solu-
tions. The samples’ processing procedures were consis-
tent with the description of sample preparation for the
analysis of furosine. The hydrolysis time for test one was
set to 6 h, test two was set to 18 h, and test three was set
to 23 h. When the hydrolysis procedure was finished, 1
mL of hydrolysate was taken as a sample. Test one and
test two were added in 5 mL of a 6 g/L ammonium ace-
tate solution, and test three was added in 5 mL of a 3
mol/L hydrochloric acid solution. The recovery result of
test one was 59.92%, test two was 83.73%, and test three
was 41.39%. This revealed that the hydrolysis time should
not be too long or too short; otherwise, this would affect
the detection results of furosine.

Linear range and detection limit

For the method validation, mixed standard solutions of
the four furfurals were prepared, and the standard curves
of the four furfurals and furosine were prepared by plot-
ting the concentration (represented by x) on the abscissa
and the peak areas (represented by y) on the ordinate.
The linear calibration ranges, regression equations, and
correlation coefficients of the furfurals and furosine are
summarized in Table 2. The linear range was 0.05 mg/L—
2.0 mg/L for 5-HMF, and 0.01 mg/L—1.0 mg/L for the
other three furfural compounds and furosine. The cor-
relation coefficients (R?) were above 0.99 in all cases. The
detection limits (LOD) of the four furfural compounds

Table 1. Mass spectrometric conditions for the four furfural compounds.
Number Name Retention time (min) Mass (m/z) Quantitation mass
1 Furfural (F) 9.195 67, 95, 96 96
2 2-acetylfunan (FMC) 9.710 95, 110 95
3 5-methyl-2-furfural (MF) 10.504 81,109, 110 110
4 5-hydroxymethyl-2 furfural (5-HMF) 21.212 97, 125, 126 97
16 Quality Assurance and Safety of Crops & Foods 14 (1)



were in the range of 0.005 mg/kg—0.015 mg/kg, and the
detection limit of furosine was 0.02 mg/L. The LOD
values were determined as the concentrations at which
the signal-to-noise ratio (S/N) was greater than three,
and the limits of quantitation (LOQ) were determined
as the concentrations at which the signal-to-noise ratio
(S/N) was greater than 10; the results are shown in Table
3. The detection limits of this method were lower than
the recently reported methods, including the HPLC and
GC-MS methods, and we can fully guarantee the effec-
tive separation of the four furfural compounds under the
established conditions.

Recovery

Milk samples without furfurals and furosine were
weighed and spiked with mixed standard solutions at
low, medium, and high concentrations. The spiked levels
for the three furfurals were 0.05 mg/kg, 0.1 mg/kg, and

Table 2.
milk products.

Determination of 5-hydroxymethyl-2-furfural and furosine in milk

0.2 mg/kg, and the spiked levels for furosine were 0.08
mg/L, 0.82 mg/L, and 1.63 mg/L. Six parallel experiments
were conducted at each concentration level, and the con-
tents of the four furfurals were determined by GC-MS
after pretreatment using the optimized QuEChERS
method, and the contents of furosine were determined
using the optimized HPLC method. The recovery val-
ues were also calculated, and the results showed that the
average recoveries were in the range of 78.2-109.5%, and
the relative standard deviations were from 0.02 to 1.8%,
which proved that the proposed methods were accurate,
reliable, and could meet the analysis requirements. The
average recovery values and relative standard deviations
(RSDs) are summarized in Table 3.

Matrix effects

There are many reports for the research of furfurals,
particularly 5-HMF, and these reports always use mass

Linear ranges, regression equations, correlation coefficients, and matrix effects evaluation of furfurals and furosine in

Compounds Linear range/mg/L Regression equation R? ME evaluation® ME evaluation®
F 0.01~1.0 y =304 x 0.9974 y=193.6 x y=2115x
FMC 0.01~1.0 y = 1041 x 0.9984 y =563.6 x y =547.1x
MF 0.01~1.0 y=377x 0.9974 y =267.3x y=272.5x
5-HMF 0.05~2.0 y =568 x 0.9953 y =289.3 x y =292 x
Furosine 0.01~1.0 y=10.2x 0.9995 y=10.0 x y=10.1x

Note: The detection limit of furosine was 0.02 mg/L.

ME was matrix effects, ME evaluation® was gained in the liquid milk samples, and ME evaluation® was gained in the flavored fermented milk.

Table 3. Recoveries, detection limits of furfurals and furosine in milk products (n = 6).

Compounds Spiked level/mgl/kg Recovery/% (RSD/%) LOD (mglkg) LOQ (mglkg)
F 0.05 88.1 (1.4)
0.1 106.7 (0.5) 0.005 0.015
02 99.4 (0.4)
FMC 0.05 101.1 (1.4)
0.1 109.5 (0.5) 0.005 0.015
0.2 107.1 (0.4)
MF 0.05 91.7 (1.3)
0.1 106.9 (0.8) 0.005 0.015
0.2 101.8 (0.6)
5-HMF 0.05 99.9 (1.8)
0.1 102.3 (1.2) 0.015 0.05
02 103.2 (0.3)
Furosine 0.08 84.2(0.10)
0.82 78.2(0.13)
1.63 85.2(0.02) 0.02 0.06

Note: The unit of the spiked level and the LOD for furosine was mgL.
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spectrum methods because of the high sensitivity.
However, there is an important factor affecting the deter-
mination accuracy, which is always ignored when using
MS methods (Gaspar and Lopes, 2009; Truzzi et al.,
2012). It is well known that the matrix components can
influence the analytes signal, which are called matrix
effects, and can mainly influence the quantitation of
the GC-MS method. The co-elution of the matrix com-
pounds may reduce or enhance the ion intensity of the
target analytes and affect the reproducibility and true-
ness of the method. Several factors can explain this,
such as the features of the analytes, different types of
matrices, and the analytes-to-matrix ratio. Many meth-
ods can compensate for the matrix effects, including the
preparation of matrix-matched standard solutions, mul-
tiple purification, standard addition method, analysis
of covariance correction, and more. In this study, liquid
milk samples and flavored fermented milk samples with-
out target objects were selected for the evaluation of the
matrix effects. We made matrix-matched solutions of
different concentration levels using the aforementioned
extraction solvents of the two matrices and compared
the slopes of the standard curves of the solvent and the
matrix. Table 2 shows the results.

According to the formula reported by Cui et al. (2020),
it can be noted that obvious matrix inhibition effects
were observed for furfurals in pure milk and flavored fer-
mented milk samples. Although the matrix effects were
always evaluated when using the MS method, we also
evaluated for furosine detected by HPLC. There was no
significant difference for furosine; thus, the optimized
hydrolysis method can effectively remove complex matrix
interferences for furosine. The results showed that the
ME:s for the four furfural compounds were in the range of
-50% < ME < -20%, indicating that the matrix inhibition
effects were moderate. As for the reason as to why the
matrix effects of the furfural compounds were different
from the reported paper by Cui et al. (2020), the explana-
tion might be that, in this paper, the GC-MS technology
was used while tandem mass spectrometry had a strong
resistance to matrix interference as is well known.

Evaluation of measurement uncertainty

The uncertainty is because of the existence of the mea-
surement error, which can be used to characterize or
measure the degree of uncertainty to the measured value.
In the paper, the measurement uncertainty of 5-HMF
in the charcoal-flavored fermented milk samples (sam-
ple E5) using the GC-MS method has been evaluated,
and the measurement uncertainty of furosine in char-
coal-flavored fermented milk using the HPLC method
has also been evaluated. The mathematical model of mea-
surement was set up, the different parts of uncertainty

were analyzed, and the combined standard uncertainty
and expanded uncertainty of the measurement results
were calculated. We estimated the uncertainty by using
the data derived from the validation of the method,
including trueness and the repeatability of the experi-
ments. A coverage factor (k) was set as 2, representing
an expanded uncertainty at the 95% confidence interval
and confirming the reliability of the validated method.
Based on the quantitative analysis of each source, the
relative standard uncertainty of the measurement results
was finally obtained as follows: the determination result
of the 5-HMF content in the charcoal-flavored fermented
milk was 0.051 mg/kg, and the combined standard mea-
surement uncertainty was 0.0007 mg/kg, so the expanded
uncertainty of 5-HMF was 0.051 + 0.0014 mg/kg (k = 2).
The determination result of the furosine content in char-
coal-flavored fermented milk was 593.2 mg/100 g pro-
tein, the combined standard measurement uncertainty
was 2.6 mg/100 g protein, and the expanded uncertainty
of furosine was 593.2 + 5.2 mg/100 g protein (k = 2).
The evaluation indicated that the repetitive test was the
main reason for relatively combined standard measure-
ment uncertainty. The influence of the standard solutions
could not be neglected. The effect of sample weight was
minimal. This evaluation has provided a theoretical basis
for the quality control on 5-HMF and furosine contents
determination of milk products.

Application-determination of milk samples

A total of 29 market samples of milk-based dairy prod-
ucts were analyzed using GC-MS and HPLC methods,
and most of the samples were liquid milk samples, includ-
ing 24 samples of liquid packed milk and five fermented
milk and milk drink samples; the results are shown in
Table 4. The chromatogram of sample E5 is shown in
Figure 2B. Among all samples, the F contents ranged
from 0.050 to 0.204 mg/kg, the MF contents ranged from
0.018 to 0.045 mg/kg, the FMC contents were from 0.016
mg/kg to 0.048 mg/kg, and the contents of 5-HMF were
up to 0.051 mg/kg. The results showed that F was the
most frequently detected compound among furfurals;
5-HMF was not detected in these liquid milk samples,
which maybe because their contents were lower than the
detection limit. There was an obvious difference between
liquid milk samples and fermented milk and milk drink
samples; most of the furfurals’ detection values of lig-
uid products were below limits of quantitation, while
five original-flavored fermented milks were detected of
furfurals.

It is well known that, in the process of sterilization, acid
hydrolysis will occur and furosine will be produced, and
the content level of furosine directly affects the nutri-
ents in milk products. The content of furosine in the

18
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Table 4. Market samples analysis results of furfural compounds and furosine.

Number  Product type Contents

FU (mg/100 g F FMC 5-HMF MF

protein) (mglkg)  (mglkg)  (mglkg)  (mglkg)

A1 Low temperature pasteurized fresh skimmed milk 15.7 <LOQ ND <LoQ 0.018
A2 Low temperature pasteurized pure milk 13.9 <LOQ ND ND ND
A3 Low temperature pasteurized fresh organic milk <LoQ <L0Q ND ND <LoQ
Ad Low temperature pasteurized fresh casein milk <LoQ <L0Q ND ND <LoQ
A5 Low temperature pasteurized fresh milk 20.1 <LOQ ND ND ND
A6 Low temperature pasteurized fresh milk <LoQ ND ND ND ND
A7 Low temperature pasteurized bright double pure milk <LOQ <LOQ <LOQ <LoQ ND
A8 Low temperature pasteurized pure milk <LOQ <LOQ <LOQ ND ND
A9 Low temperature pasteurized pure milk 213 0.104 0.044 <LOQ <LOQ
B1 High temperature pasteurized whole fat milk 213.7 <LOQ ND ND <LOQ
B2 High temperature pasteurized pure milk 170.8 ND ND ND <LOQ
B3 High temperature pasteurized pure milk 211.0 <L0Q ND ND ND
B4 High temperature pasteurized high calcium milk 193.6 <LoQ ND ND ND
B5 High temperature pasteurized concentrated milk 181.9 <LOQ ND ND ND
B6 High temperature pasteurized pure milk 161.9 <LOQ <LOQ <LoQ ND
C1 Ultra-high temperature sterilization whole fat 300.4 <LOQ ND ND 0.035
C2 Ultra-high temperature sterilization whole fat 330.3 <LOQ ND ND <LOQ
D1 Ultra-high temperature sterilization whole fat high calcium milk 377.2 <LOQ ND <LOQ <LOQ
D2 Ultra-high temperature sterilization milk 2247 <LoQ ND ND <LoQ
D3 Ultra-high temperature sterilization milk 302.5 <LOQ ND ND ND
D4 Ultra-high temperature sterilization low fat and high calcium milk 261.0 <LoQ ND ND ND
D5 Ultra-high temperature sterilization pure milk 2214 <LOQ ND ND ND
D6 Ultra-high temperature sterilization pure milk 243.2 <LoQ ND ND ND
D7 Ultra-high temperature sterilization pure milk 2711.7 <LOQ ND ND ND
E1 Original-flavored fermented milk 267.6 0.144 <LOQ <LOQ ND
E2 Original-flavored milk drink 548.8 0.123 0.048 <LoQ ND
E3 Flavored fermented milk 391.8 0.204 0.016 <LOQ <LOQ
E4 Flavored fermented milk 486.6 0.05 <LoQ <LoQ ND
=6 Charcoal-flavored fermented milk 593.2 0.128 0.019 0.051 0.045

low temperature pasteurized (heat temperature lower
than 70°C) milk samples was low (milk samples A1-A9),
and the differences were not significant among fresh
skimmed milk and fresh casein milk. These milk prod-
ucts were prepared through the sterilization of raw milk
by low temperature and a long pasteurization time (62—
65°C, 30 min) or a high temperature short-term pasteur-
ization (72-75°C, 15-20 s). However, we observed that
the content of furosine in ultra-high temperature (UHT,
137°C, 4 s) milk was higher than that in pasteurized milk
because of the higher treatment temperature. Therefore,
furosine can be used as the main indicator to distinguish
pasteurized milk from UHT milk. To investigate whether
fermentation contributes to the production of furosine,
original-flavored fermented milk and charcoal-flavored
fermented milk samples were analyzed. The results
from samples E1 to E5 revealed that the concentrations

of furosine in fermented milk samples were higher than
those in liquid milk samples. The highest detection value
of furosine was 593.2 mg/100 g protein in charcoal-fla-
vored fermented milk, which can be due to the complex
production process—a preheat process of 55-80°C at
first, and then sterilization (120°C for 2 min, or 90-95°C
for 5-10 min), natural cooling, and fermentation for 4-5
h at approximately 45°C.

Furosine is regarded as an important index to judge the
quality of milk. A lower content of furosine may mean
better nutritional quality of dairy products (Wang et
al., 2019). According to these experiments, the order of
milk quality—mainly based on furosine contents—was
as follows: Low temperature pasteurized fresh milk >
Low temperature pasteurized pure milk > High tem-
perature pasteurized pure milk > Ultra-high temperature
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sterilization whole fat > Ultra-high temperature steril-
ization pure milk > Original-flavored fermented milk >
Flavored fermented milk > Original-flavored milk drink >
Charcoal-flavored fermented milk. We can summarize
that the Maillard reaction occurs during the heating and
fermenting processes which can produce hazardous fur-
fural derivatives and furosine. This result reveals that
the heating temperature and fermentation processes are
responsible for furosine and furfurals production.

Application-heat-treatment analysis

Based on the above experimental results, in order to fur-
ther study the application of the established method, we
designed the simulation system experiment, and the pro-
cess was described in the “sample selection and collec-
tion heat treatment” part. We accurately weighed 2.0 mL
samples for the determination of furosine, and the con-
centrations were expressed in units of mg/L instead of
mg/100 g protein. The purpose of this part was to inves-
tigate the trends of furosine under different temperatures
and times, and the results are shown in Figure 3.

According to reported papers, we observed a change in
the content 5-HMF under different temperatures and
times (Ahmadian-Kouchaksaraei et al, 2015; Zhang
et al., 2021). In addition, the 5-HMF content ranged
between 0.046 mg/kg and 0.886 mg/kg at different pro-
cessing temperatures of 25°C-100°C. No clear trend
was observed at 25°C. The 5-HMF content increased

during heating at 40°C, 60°C, 80°C, and 100°C. High
temperatures increased the 5-HMF formation rate,
which was 0.0007 mg/kg per min at the processing tem-
perature of 60°C and 80°C, only a little higher than that
of 0.0006 mg/kg per min at a temperature of 40°C. The
formation rate of 5-HMF was increased to 0.005 mg/kg
per min under the heating temperature of 100°C, and
maximum 5-HMF content was 0.886 mg/kg after heating
for 180 min at 100°C. This revealed that the temperature
greatly affected the content of 5-HMF, especially when
the temperature was higher than 100°C.

It is well known that the content of furosine is very high
when the processing temperatures are high (Ferrer et al.,
2003). The objective of the present study was to evaluate
both the effect of low and high heating temperatures on
furosine in raw materials of milk products. The detected
contents of furosine ranged between 0.5 mg/L and 55.4
mg/L at different processing temperatures of 25°C, 40°C,
60°C, 80°C, and 100°C. Maximum furosine content was
observed after heating for 150 min at 80°C. Furosine con-
tents also increased during heating at 40°C, 60°C, 80°C,
and 100°C, but no clear trend was observed at 25°C.
High temperatures increased the furosine formation rate,
which was 0.217 mg/L per min at the processing tem-
perature of 60°C, only a little higher than that of 0.214
mg/L per min at 40°C. However, when the heating tem-
peratures were 80°C and 100°C, the formation of furosine
was not straight up; the maximum values were 55.0 mg/L
after heating for 60 min at 100°C and 55.4 mg/L after
heating for 150 min at 80°C. We can conclude that when
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Figure 3. The formation trends under different temperatures and time of furosine and 5-HMF.
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heating times were longer than 120 min, the production
of furosine decreased at high temperatures of 80°C and
100°C.

Based on the aforementioned experimental data of the
sugar—protein simulation system, we further analyzed
the formation stage of furosine and 5-HMF under differ-
ent temperatures and time. There was no regular pattern
to the furosine data; however, the variation of 5-HMF
content in the simulated system was first-order kinetics
under the process temperatures of 80°C and 100°C, and
there were statistically significant differences between
temperatures and treatment time within the same tem-
perature. In comparing the concentrations of 5-HMF and
furosine formed during the heat treatment, the furosine
formation is faster than 5-HMF in all of the samples. In
general, the concentration of furosine increased with
time and the increase of temperature, but when the pro-
cessing temperatures were 80°C and 100°C, the forma-
tion of furosine was less dependent on temperature than
that of 5-HMF, because the content of the furosine was
almost the same at 180 min under different temperature
conditions of 40°C, 60°C, and 100°C, while the content
of 5-HMF always increased under high temperatures of
100°C.

During the distribution of 5-HMF and furosine at dif-
ferent stages of the Maillard reaction, when the heat-
ing temperature is below 100°C and the heating time is
less than 90 min, the content of furosine is high, which
indicates the primary Maillard reaction stage. When the
heating temperature is higher than 100°C, the concentra-
tion of 5-HMF increases with a longer heating time, and
additional furfural hazards will be generated from the
Maillard reaction. This study revealed that furosine and
5-HMF may be useful indicators of the processing con-
ditions of dairy products. Furosine was the indicator for
the initial stage of the Maillard reaction, and 5-HMF was
an indicator for the middle stage of the Maillard reaction
(Lan et al., 2010; Pérez-Burillo et al, 2019; Rada-Mendoza
et al., 2004).

Conclusion

In the present study, a modified QUEChERS method cou-
pled with GC-MS was used to detect the contents of F,
ME, EMC, and 5-HMF in milk-based products. For the
HPLC analysis of furosine, the optimal hydrolysis time
was 18 h for milk samples. The procedures were sim-
ple, rapid, and demonstrated good repeatability, linear-
ity, and sensitivity, and were successfully applied for the
determination of 5-HMF and furosine in milk samples.
The high concentrations of furosine and 5-HMF were
0.051 mg/kg and 593.2 mg/100 g protein, respectively,
in charcoal-flavored fermented milk, which indicated

Determination of 5-hydroxymethyl-2-furfural and furosine in milk

more attention should be paid to the milk quality. This
study announced that the formation of both 5-HMF and
furosine is closely related to temperature and time. The
formation of 5-HMF is more closely related to high tem-
peratures, while the production of furosine decreased at
high temperatures of 80°C and 100°C. The dairy industry
should effectively control the temperature and duration
of heat treatment and fermentation during the produc-
tion of milk products.
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