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Abstract
A modified QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) method combined with dispersive liquid-liquid
microextraction (DLLME) pretreatment was developed for the determination of 5-hydroxymethyl-2-furaldehyde (HMF) in
cooked japonica rice. Optimum conditions of the proposed method include MgSO4 (1 g), NaCl (0.5 g), C18 (60 mg), PSA
(50 mg), the extraction solvent (CHCl3), dispersing solvent volume/extraction solvent volume (4:1), ultrapure water volume/the
total volume of dispersing solvent volume and extraction solvent volume (1:1), and pH (7). HMF was concentrated by the clean-
up method with the enrichment factor of 1.98. The separation of HMF was performed on an ACQUITY UPLC BEH-RP C18
column (2.1 mm × 100 mm, 1.7 μm) by the UPLC-ESI-MS/MS (ultraperformance liquid chromatography-electrospray ioniza-
tion-tandem mass spectrometry). Acceptable values of HMF were achieved for the following parameters: recoveries between
82.87 and 110.48%with the relative standard deviation lower than 8.68%, accuracy in the range of 93.95–114.22%, precision (<
8.76%), limit of detection (LOD) (0.1 μg/L), and limit of quantification (LOQ) (0.3 μg/L). The concentrations of HMF were less
than 1.13 μg/kg in rice samples, conspicuously increased with warming time. The color of rice samples, especially the b* value
(in the range of 6.02–11.43), was well correlated with the content of HMF and the warming time.
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Introduction

Rice (Oryzae sativa, L.), as a starch-rich commodity, is a
staple food for the majority of the world’s populated countries
(Villanova et al. 2017). There are varieties of rice grown
throughout the world, yet japonica rice is mainly grown and
studied in East Asia, Southeast Asia, and South Asia (Cai et al.
2007). There are different preparation techniques for rice pro-
duction, including cooked rice (Buttery et al. 1983) and
parboiled rice (Villanova et al. 2017). After rice cooking, the
temperature of the electric cooker is maintained between 60–
80 °C, which is referred to as the warming process. As higher
temperature and water content persist, the Maillard reaction
may occur and affect the color of products (Ferrer et al. 2005)
and contribute to the formation of 5-hydroxymethyl-2-
furaldehyde (HMF) (Lieve et al. 2008) during the cooking
and warming processes. Certainly, the grain quality of rice is
important to rice production, as well as after storage.
According to Rez-Jiménez et al., the HMF content and value
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b* both increased during storage of infant rice cereal com-
pared with the non-stored samples (Ramı́Rez-Jiménez et al.
2003). Therefore, the Maillard reaction and storage stage were
both helpful to the formation of HMF in rice matrices.

Controlled browning is usually used to promote acceptable
flavor and color properties in foods. Color properties are im-
portant attributes to the quality of cooked rice (Luangmalawat
et al. 2008). Moreover, HMF is not only an advancedMaillard
product (an undesired product) in foodstuffs exposed to heat
treatment but is also a component of caramel color and a
derivative of furan (Kroh 1994). On one hand, HMF is known
as a heat-damage indicator and has been determined to evalu-
ate the extent of theMaillard reaction in parboiled rice or other
cereals during thermal processing (Lieve et al. 2008), and is
also an indicator of the quality loss of sugar-containing food
during storage (Madani-Tonekaboni et al. 2015). On the other
hand, HMF has been investigated as a food contaminant with
potential harmful properties in food (Kowalski et al. 2013).
High amounts of HMF have been reported in an extensive
variety of carbohydrate-rich foodstuffs such as cereal products
(Degen et al. 2012), biscuit (Teixidó et al. 2006), and infant
milk–based products (Morales and Jiménez-Pérez 2001).
Especially, HMF levels in rice have been reported by
Lamberts et al. (Lieve et al. 2008) and Villanova et al.
(Villanova et al. 2017), while there have been no reports about
the effective clean-up pretreatment and trace level determina-
tion and concentration of HMF in rice. Thus, it was highly
essential to develop an accurate, rapid, and effective clean-up
pretreatment to detect HMF in rice.

Generally, HMF analysis in foodstuffs has been reported in
the previous literature, such as high performance liquid chro-
matography (HPLC) in follow-on milks and infant formulas
(Er e t a l . 2015) ; u l t ra-h igh performance l iquid
chromatography-tandem mass spectrometry (UHPLC-MS/
MS) in fermented soy sauce (Zhang and Li 2019); gas chro-
matography coupled to massspectrometry (GC-MS) in several
Spanish food samples (Teixidó et al. 2006); and capillary
electrophoresis-ultraviolet (CE-UV) in vinegar and soy sauce
(Wu et al. 2018). Especially, the LC-MS method for the de-
termination of HMF has excellent repeatability and sensitivity
in food samples. Therefore, ultra-performance liquid
chromatography-electrospray ionization-tandem mass spec-
trometry (UPLC-ESI-MS/MS) method was further applied
to analyze HMF in rice.

Sample preparation is an essential step to remove matrix
interferences and improve extraction recovery (Kamalabadi
et al. 2015). Traditional sample preparations including solid-
phase extraction (SPE) (Teixidó et al. 2006) and liquid-liquid
extraction (LLE) (Erika et al. 2008) were used for the deter-
mination of HMF in baby foods or other solid samples.
However, LLE is time-consuming and non-economical and
consumes high amounts of toxic solvents. Moreover, SPE
cartridges are expensive and also time-consuming due to the

evaporation step for concentration. In order to combat the
above problem, the numerous benefits of trace analysis
microextraction techniques were previously investigated and
reported, including the ease of operation, excellent recovery,
rapidity, low price, and high enrichment factor (Madani-
Tonekaboni et al. 2015). Microextraction techniques for the
analysis of HMF include headspace sol id-phase
microextraction (HS-SPME) (Giordano et al. 2003),
headspace-liquid phase microextraction (HS-LPME)
(Chaichi et al. 2013) and vortex-assisted liquid-liquid
microextraction (VALLME) (Abu-Bakar et al. 2014).
Especially, the dispersive liquid-liquid microextraction
(DLLME), proposed in 2006 (Berijani et al. 2006), was wide-
ly applied because of the advantages of including a short ex-
traction time and high enrichment factor (Yan and Wang
2013). Although the above techniques are simple, rapid, and
inexpensive, they are not suitable for solid samples.
Therefore, QuEChERS (Quick, Easy, Cheap, Effective,
Rugged, and Safe) method, a new microextraction technique,
has firstly been introduced by Anastassiades et al. (2003).
Besides, the QuEChERS pretreatment has been modified by
many authors for the determination of pesticide residue from
different matrices like vegetables (Komasawa et al. 2010) and
soil (Pang et al. 2016). The QuEChERS method was later
modified for analysis of carbohydrate matrices in rice. In our
previous report, DSPE-DLLME which was used only as a
clean-up method had no effect on concentrating HMF in ther-
mally treated abalone (Xu et al. 2018). To our best knowledge,
there are no effective pretreatments for the determination and
concentration of HMF in starch-rich products such as rice
(solid sample).

The objective of the research was to establish a rapid, ef-
fective, and high enrichment factor pretreatment method to
determine trace levels of HMF in rice matrices. Besides, this
research also investigated the impact of cooking and warming
steps in rice production on HMF concentrations and the color
of cooked japonica rice. Moreover, correlation analysis was
conducted between rice warming time, HMF levels, and color
(b* values).

Materials and Methods

Chemicals

HMF (99%), dichloromethane (CH2Cl2), chloroform
(CHCl3), tetrachloromethane (CCl4), chlorobenzene
(C6H5Cl), magnesium sulfate (MgSO4), and sodium chloride
(NaCl) were all purchased from Sigma-Aldrich Chemical Co.
Ltd (Shanghai, China). Methanol (CH4O), formic acid
(HCOOH), ammonium hydroxide (NH3·H2O), and acetoni-
trile (CH3CN) of HPLC grade were acquired from
Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).
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Octadecylsilane (C18), primary secondary amine (Cleanert
PSA), and graphitized carbon black (GCB) were obtained
from Agela Technologies (Tianjin, China). Polished round-
grained rice was bought from a local market in Wuxi,
Jiangsu province, P.R. China. For all experiments, ultrapure
water (UPW) was used.

HMF stock solutions (200 mg/L) were stored in the dark at
4 °C. A calibration curve was constructed by spiking different
standard solutions (0.5, 1.0, 2.0, 5.0, 7.5, 10.0, 15.0, 20.0,
25.0, and 50.0 μg/L) into a practical sample matrix.

Sample Preparation and Modified QuEChERS Method
Combined with DLLME

Sample Preparation

Japonica rice (JR) was purchased from a local market inWuxi,
Jiangsu province, P.R. China. The JR included fresh JR (ab-
breviation FJR) and fresh JR stored at the room temperature
for 24months (abbreviation FJRS). Six hundred grams of FJR
or FJRS with 870 g of UPW were cooked by the electric
cooker (FS4088, Midea, Guandong, China), and the cooked
FJR or cooked FJRS were kept warm in an electric cooker for
0, 6, 12, 18, 24, and 30 h (temperature approximately about
60–80 °C). The samples were named cooked FJR-0h, FJR-6h,
FJR-12h, FJR-24h, FJR-30h, FJRS-0h, FJRS-6h, FJRS-12h,
FJRS-24h, and FJRS-30h, respectively. Cylindrical samples
of 16.00 cm (diameter) × 1.5 cm (height) were chosen from
the cooked FJR or cooked FJRS. Then, 10 g of cooked FJR or
cooked FJRS were extracted with 10 mL of acetonitrile, and
homogenized for 60 s × 3 at 8000 rpm by a digital ULTRA-
TURRAX (T 25, IKA, Germany). The sample was filtered
through a 0.22 μm filter membrane and then obtained for
UPLC-ESI-MS/MS analysis. The cooked FJR-0h spiked with
500.0 μg/L HMF without clean-up was prepared as the above
procedure.

Modified QuEChERS Method Combined with DLLME

The single factor design experiment was performed to opti-
mize the sample preparation procedure. The detailed informa-
tion of optimization was listed as follows: the amounts of
MgSO4 (1, 2, 3, and 4 g), the amounts of NaCl (0, 0.5, 1,
and 1.5 g), the amounts of C18 (20, 40, 60, and 80 mg), the
amounts of PSA (20, 50, 80, and 110 mg), the amounts of
GCB (0, 10, 15, and 20 mg), the optimization of extraction
solvent (CH2Cl2, CHCl3, CCl4, and C6H5Cl), the volume ratio
1 (dispersing solvent volume/extraction solvent volume,
0.25:1, 1:1, 4:1, and 8:1), the volume ratio 2 (UPW volume/
the total volume of dispersing solvent volume and extraction
solvent volume, 0.5:1, 1:1, 2:1, and 4:1) and the optimization
of pH (3, 7, 8, and 10). The sample mixture, with the addition
of 1 g of MgSO4 and 0.5 g of NaCl, was immediately shaken

for 1 min and then centrifuged at 8000 rpm for 5 min by a
multifunctional centrifuge (5810R, eppendorf, Hamburg,
Germany). The clear acetonitrile layer was added 60 mg of
C18 and 50 mg of PSA (for modified QuEChERS method),
then the mixture was rapidly shaken using a vortex mixer
(MX-S, IKA, Germany) for 1 min and centrifuged at
8000 rpm for 5 min.

Subsequently, the mixture of CHCl3 (as extraction solvent)
and UPW (2.5 mL) were added into 2 mL of the acetonitrile
(as the dispersive solvent for the DLLME). After centrifuga-
tion at 8000 rpm for 5 min, the organic phase (lower layer)
appeared at the bottom of centrifuge tube and was collected
and volatilized in a mild stream of nitrogen. Lastly, the UPW-
redissolved sample was kept in the dark for UPLC-ESI-MS/
MS analysis. The cooked FJR-0h spiked with 500.0 μg/L
HMF with clean-up (modified QuEChERS method-
DLLME) was completely finished. All samples were prepared
at 4 °C in triplicate. The enrichment factor (EF) of modified
QuEChERS method combined with DLLME was measured
by the following equation: EF=CA/CB, and CAwas the peak
area of cooked FJR-0h spiked with 500.0 μg/L HMF with
clean-up (modified QuEChERS method-DLLME), CB was
the peak area of cooked FJR-0h spiked with 500.0 μg/L
HMF without clean-up.

UPLC-ESI-MS/MS Conditions

The rapid determination of HMF was conducted by ultra-
performance liquid chromatography (UPLC, Waters
ACQUITY binary solvent manager, America) equipped with
an electrospray ionization (ESI) and coupled with a triple
quadrupole mass spectrometer (Waters ACQUITY TQ
Detector, America). An ACQUITY UPLC BEH-RP C18 col-
umn (2.1 mm × 100 mm, 1.7 μm) with gradient elution was
used for HMF analysis. Mobile phase A and B were water
(100%) and methanol (100%), respectively. The mobile phase
was set as follows: 5% methanol for 0–1 min, 5 to 50% meth-
anol for 1–5 min, and then from 50 to 100% methanol for 5–
10 min, then reduced to 5% methanol for 10–10.5 min, and
finally, 5% methanol (the initial condition) was kept constant
for 3 min. The flow rate was 0.3 mL/min. The column tem-
perature was set at 40 °C, and the injected volume was 10 μL.

The mass spectrometer was operated in the positive
electrospray ionization (ESI+) mode, and the data was ac-
quired from the multiple reaction monitoring (MRM) mode.
The acquisition electrospray ionization (ESI) source parame-
ters were as follows: entrance potential (EP) = 10 V, collision
energy (CE) = 15 V, spray voltage = 5500 V, ion source tem-
perature = 600 °C, source gas and auxiliary gas were set at 15
and 18 L/min, respectively. High purity nitrogen (99%) was
used as the gas source. The MS/MS product ion parameters
for analysis of HMF were listed as follows: the precursor ion
(m/z) was 127.1, the produce ion (m/z) including 109.2 (m/z,
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quantitation ion), 53.1 (m/z, confirmation ion), and 81.1 (m/z,
confirmation ion).

Color Measurement

Color measurements were conducted in rice samples by a
colorimeter (UltraScan PRO, HunterLab, USA) using the
Hunter scale. Particularly, b* values measure blueness to
yellowness (b*, negative = blue, positive = yellow) (Chen
et al. 2016). All analyses were performed in triplicate, and 6
measurements were performed on each sample.

Statistical Analysis

Mean and standard deviation (SD) of the data was calculated
for each experiment and analyzed by SPSS software package
(SPSS 22.0 for Windows). Analysis of one-way variance
(ANOVA) was used to determine significant differences
among applied treatments (Bewick et al. 2004). Moreover, a
Pearson correlation coefficient test was applied to examine the
correlations between all the analyzed parameters. The corre-
lation coefficient (r) was also calculated by the Pearson cor-
relation analysis (Nitin and Hui 2005). The level of significant
differences for the comparison test as well as for the correla-
tion analysis was set at ***(P < 0.001); **(P < 0.01); *(P <
0.05), which were all considered statistically significant.

Results and Discussion

Optimization of modified QuEChERS method
combined with DLLME condition

As shown in Fig. 1 A, the modified QuEChERS method con-
ditions including MgSO4, NaCl, C18, PSA, and GCB were
optimized. MgSO4 and NaCl were added into the acetonitrile
to promote the separation of water and organic phases without
dilution with non-polar solvents and were used to obtain high
recoveries (DãEz et al. 2006). Besides, the addition ofMgSO4

was used to remove residual water (Paz et al. 2015); MgSO4

and sodium chloride (NaCl) were also used to provide a well-
defined phase separation to obtain a high recovery (DãEz et al.
2006). As shown in Fig. 1, MgSO4 varied from 1 to 4 g, NaCl
varied from 0 to 1.5 g, and the highest EF of HMF was
achieved when 1 g of MgSO4 and 0.5 g of NaCl were added.

The frequently used sorbents include C18, PSA, and GCB
in the modified QuEChERS procedure. C18 had shown the
ability to remove lipids and non-polar interferences (Paz et al.
2015). As C18 increased from 20 to 60 mg, the EF of HMF
was also increased. However, the increasing amount of C18
apparently decreased the EF of HMF. Thus, 60mg of C18 was
selected as the appropriate amount of sorbent.

PSA, an ion exchange sorbent, was usually applied to re-
move sugars, organic acids, and matrix coextractants (Paz
et al. 2015). The addition of various amounts of PSA includ-
ing 20 mg, 50 mg, 80 mg, and 110 mg were performed.
Application of 50 mg of PSA resulted in the maximum EF
for HMF. Thus, 50 mg of PSA was chosen to be the optimal
amount of sorbent.

GCB can effectively removemost of the hydrophobic com-
pounds such as pigments (Anastassiades et al. 2003).
However, the EF of HMF decreased with the increase of the
amount of GCB. In terms of sensitivity, GCBwas not added in
the modified QuEChERS procedure after further optimiza-
tion. The results suggested that the combination of C18,
PSA, and GCB could give an excellent clean-up effect.

Fig. 1 Optimization of modified QuEChERS method combined with
dispersive liquid-liquid microextraction (DLLME) for the determination
of cooked FJR-0h sample spiked with 5-hydroxymethyl-2-furaldehyde
(HMF) standard (500.0 μg/L). Volume ratio 1, dispersing solvent
volume/extraction solvent volume; volume ratio 2, UPWvolume/the total
volume of dispersing solvent volume and extraction solvent volume. The
enrichment factor (EF) was calculated by the followed equation: EF =
CA/CB, in which CA and CB were the peak area of cooked FJR-0h
spiked with 500.0 μg/L HMF with and without clean-up (modified
QuEChERS method-DLLME), respectively
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In this study, four procedures including extraction solvent,
volume ratio 1 (dispersing solvent volume/extraction solvent
volume), volume ratio 2 (UPW volume/the total volume of
dispersing solvent volume and extraction solvent volume),
and pH were tested based on the DLLME. The effects of
different DLLME conditions were investigated as shown in
Fig. 1 B.

High density organic solvents (such as CH2Cl2, CHCl3,
CCl4, and C6H5Cl) were selected as extraction solvents due
to acceptable operation parameters and ideal physical proper-
ties, including density, boiling point, and solubility. The EF of
CHCl3 had the highest value among samples, demonstrated
applicable extraction properties, and was subsequently select-
ed as the extraction solvent.

The increase of the volume ratio 1 from 0.25:1 to 4:1 re-
markably increased the EF of HMF. Therefore, 4:1 was select-
ed to be the optimal volume ratio 1. When the volume ratio 2
was carried out from 0.5:1 to 1:1, the EF of HMF increased
with the increase of the volume ratio 2. Nevertheless, the EF
of HMF was relatively lower under the volume ratio 2 of 4:1.
The results were consistent to our previous study (Xu et al.
2018); the volume ratio 1 and the volume ratio 2 were 4:1, 1:1,
respectively. There was no concentration of HMF in the pre-
vious study; however, the EF value of about 1.98 could be
obtained in cooked FJR-0h spiked with 500.0 μg/L HMF
using modified QuEChERS method-DLLME.

The effect of pH on the EF of HMF was evaluated under
different pH values (including pH 3, 7, 8, and 10). Findings
revealed that the maximum EF of HMF was obtained after
increasing the pH to 7. However, after further increasing the
pH to 8 and 10, the EF of HMF was not obviously increased.
Thus, when pH was applied at 7, the maximum EF for HMF
was obtained.

The Selectivity and Enrichment of Modified
QuEChERS Method Combined with DLLME

The chromatograms of HMF obtained under optimal experi-
mental conditions with or without clean-up were shown in
Fig. 2. Firstly, the influence of the matrix effect on the peak
of HMF standards spiking into the cooked FJR-0h could be
ignored with the clean-up (Fig. 2b, d). Nevertheless, there
were dissymmetric peak and tailing peak in the chromato-
grams of HMF standards spiked into the cooked FJR-0h with-
out clean-up (Fig. 2a, c). Secondly, the larger peak area was
obtained in HMF standards after clean-up procedure such as
Fig. 2 c and d.

Moreover, the cooked FJR-30h sample was also performed
by different clean-up processes including modified
QuEChERS, DLLME, and modified QuEChERS-DLLME.
As shown in Fig. 3, the small peak of HMF was eluted with
the obvious background noise when the cooked FJR-30h sam-
ple was only treated by the modified QuEChERS.

Finally, the results demonstrated that the modified
QuEChERS method combined with DLLME could give an
effective clean-up and concentration effect compared to the
sample without clean-up, with only modified QuEChERS or
DLLME in the determination of HMF.

Evaluation of the Method Performance

Under optimal experimental conditions, the performance of
modified QuEChERS method-DLLME combined with
UPLC-ESI-MS/MS method was investigated in accordance
with the following parameters, including linearity, coefficient
of determination (R2), limit of detection (LOD), limit of quan-
tification (LOQ), precision, accuracy, repeatability, and
recovery.

Fig. 2 Chromatograms of 5-hydroxymethyl-2-furaldehyde (HMF) in
cooked FJR-0h with or without clean-up. a, cooked FJR-0h spiked with
50 μg/L HMF without clean-up; b, cooked FJR-0h spiked with 50 μg/L
HMF with modified QuEChERS method-DLLME; c, cooked FJR-0h
spiked with 500 μg/L HMF without clean-up; d, cooked FJR-0h spiked
with 500 μg/L HMF with modified QuEChERS method-DLLME

Fig. 3 The cooked FJR-30h was performed by modified QuEChERS,
DLLME, and modified QuEChERS-DLLME, respectively
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Calibration curves were generated from cooked FJR-0h
samples spiked with calibration standards in the range be-
tween 0.5 and 50.0 μg/L (Table 1). Excellent linearity with
R2 of 0.9995 (better than 0.998) was attained using a modified
QuEChERS method-DLLME procedure for HMF in the con-
centration range of 0.5–50.0 μg/L, which confirmed method
reliability. The signal-to-noise ratio (S/N) was usually applied
to calculate the analytical limits of the method. Besides, the
cooked FJR-0h samples spiked with decreasing standard so-
lution concentrations were subjected to a modified
QuEChERS method-DLLME combined with UPLC-ESI-
MS/MS analysis. The LOD and LOQ were determined at a
S/N = 3 and 10, respectively (Hu et al. 2016). The LOD and
LOQ of HMF were 0.1 and 0.3 μg/L (as reported in Table 1,
equal to 0.01, 0.03 μg/kg, respectively) under complex matrix
conditions, which are lower or close to those previous reports.
For example, the LOD obtained in the present study was ap-
parently lower than those presented by Masoumeh Madani-
Tonekaboni (Madani-Tonekaboni et al. 2015) and Malene W.
Poulsen (Spano et al. 2009) for baby formula using DLLME
combined with HPLC and for honey without clean-up for RP-
HPLC, with 1.9 μg/kg and 3 μg/kg, respectively. This LOQ
was slightly lower than that covered by Jinyuan Wang (Wang
and Schnute 2012) using UHPLC-MS/MS to detect HMF
(LOQ = 1 μg/L) in beverages with no clean-up method. The
LOQ value was close to our previous report (Xu et al. 2018)
(LOQ = 0.3 μg/L) using DSPE-DLLME by HPLC-MS/MS in
thermally treated abalone, but our previous report was carried
out in HMF standard solutions and not in complex sample
matrices.

Precision was established by repeatability (intraday preci-
sion) and intermediate precision (interday precision) (Cunha
et al. 2016). As shown in Table 2, repeatability for the cooked
FJR-0h samples spiked with five preparations of standard so-
lutions (2.0, 5.0, 10.0, 20.0, and 50.0 μg/L) was addressed by
six repeated measurements and expressed as relative standard
deviation (RSD) (Rizelio et al. 2012) whose values ranged
from 0.88 to 5.24%. Furthermore, intermediate precision
was obtained from cooked FJR-0h samples spiked with three
preparations of standard solutions (5.0, 10.0, and 50.0μg/L) at
different 5 days, with six consecutive replicates (Cunha et al.
2016). The results were in the range of 1.05% and 8.76%. The

precision obtained in our measurements for rice samples (av-
erage of 3.52% and 5.96% for repeatability and intermediate
precision, respectively) is comparable with the precision of
measurements performed in the HMF beverages analyses (av-
erage of 5.10%) by Jinyuan Wang (Wang and Schnute 2012):
5.10% for HMF standard (not samples spiked with HMF stan-
dards) by the UHPLC-MS/MS with no clean-up method.
Besides, the result is also closely comparable with the preci-
sion data measured in our previous study: average of 2.54%
for HMF standard solutions (not samples spiked with HMF
standards) by the HPLC-MS/MS in abalone samples with
clean-up procedure. Furthermore, accuracy was expressed
by % accuracy (calculated by observed amount/specified
amount × 100%) (Wang and Schnute 2012). These values
are also shown in Table 2 and their values ranged from
93.95 to 114.22%.

Generally, the matrix matched calibration is used to take
matrix effect into account (Kittlaus et al. 2013). Recovery was
performed by spiking actual samples at different standard so-
lutions and was used to evaluate the method’s performance in
different matrices (Madani-Tonekaboni et al. 2015). As shown
in Fig. 4 B, HMF was eluted at 3.3 min with a symmetrical
and no-tail peak. To confirmmatrix effects in rice samples, the
spiked HMF standards were added into the cooked FJR-30h
sample (Fig. 4 B-b) and cooked FJRS-24h samples (Fig. 4 B-
d) after the modified QuEChERSmethod-DLLME procedure.
Besides, the spiking levels of HMF standards of the cooked
rice samples did not induce shoulder peak formation.
Moreover, the MS/MS spectrum of HMF in cooked FJRS-
24h is shown in Fig. 4 A. The precursor ion (m/z, 127.1) and
the produce ion (quantitation ion, confirmation ion: m/z,
109.2, 53.1, and 81.1, respectively) were exactly detected in
actual rice samples.

Rice samples spiked with different concentration levels of
HMF (2.0–20.0 μg/L) were used and three replicate analyses
were performed on each concentration level. Table 3 shows
the detailed values of recovery data for HMF in rice matrices.
The obtained recoveries using the proposed method of HMF
ranged from 82.87 to 104.86% for cooked FJR-30h samples
and from 95.02 to 110.48% for cooked FJRS-24h samples.
RSDs were in the range of 6.90% and 8.04% for cooked FJR-
30h samples, 5.14–8.68% for cooked FJRS-24h samples, and

Table 1 Calibration range, limit
of detection (LOD), and limit of
quantification (LOQ) for analysis
of 5-hydroxymethyl-2-
furaldehyde (HMF) in cooked ja-
ponica rice

Analyte Calibration range
(μg/L)

Regression
equationc

Coefficient of
determination (R2)

LOD
(μg/L)a

LOQ
(μg/L)b

HMF 0.5–50.0 y = 12.737x +
11.402

0.9995 0.1 0.3

a S/N = 3, per10 μL injection volume
b S/N = 10, per 10 μL injection volume
c ywas the peak area of HMF, and xwere different concentrations of HMF standards spiking into the cooked FJR-
0h sample
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below 9% for all analytes. The results are better than the pre-
vious reported data or in agreement with reported literature
data. For example, the recoveries in this work were in agree-
ment with the previously reported recoveries in apple cider
samples us ing SPE by high performance l iquid
chromatography-diode array detector (HPLC-DAD) (95.1–

102.0%) (Hu et al. 2013), in oil using LLE by HPLC-DAD
(94.33–99.60%) (Durmaz and Gökmen 2010), also in fruit
juices using VALLME by HPLC (96.0–105%) (Abu-Bakar
et al. 2014), and in fruit juice and dried fruit samples using
in-tube SPME by LC-MS (92.5–94.4%) (Kataoka et al. 2009).
Besides, the recoveries obtained in this work were relatively
better than previously reported recoveries in wine samples
using headspace-SPME combined with GC-MS (56.2–
61.1%) (Olivero and Trujillo 2010) and in wine samples using
SPE by HPLC-DAD (63.9–97.2%) (Hu et al. 2013).

Analysis of 5-Hydroxymethyl-2-Furaldehyde
and Color in Cooked Japonica Rice

Determination of 5-Hydroxymethyl-2-Furaldehyde in Cooked
Japonica Rice

Starch is the major compound in rice (more than 70%) and
also important in human nutrition. Besides, starch contains
two types of polysaccharides, amylose, and amylopectin
(Wang et al. 2010). Moreover, the protein content was in the
range of 2.6–3.2% in rice. The above compounds could slight-
ly interact each other accompanied by the Maillard reaction
during the storage of rice in room temperature for 24 months.
Moreover, the levels of HMF are detected, and the chromato-
grams of the FJR and FJRS samples before the cooking pro-
cess are shown in Fig. S1 (in Supplementary Material). Thus,

Table 2 Precision and accuracy
of 5-hydroxymethyl-2-
furaldehyde (HMF) analysis in
cooked japonica ricea

Precision HMF (μg/L) RSD (%) Accuracy (%)

Repeatability (intraday precision) 2.0 5.24 104.38

5.0 2.95 96.72

10.0 3.96 100.18

20.0 4.60 108.94

50.0 0.88 98.23

Intermediate precision (interday precision) Day 1 5.0 6.00 98.00

10.0 1.44 100.65

50.0 1.05 105.02

Day 2 5.0 5.18 99.58

10.0 4.72 96.90

50.0 2.82 95.04

Day 3 5.0 8.34 96.55

10.0 6.66 109.51

50.0 5.10 95.99

Day 4 5.0 8.55 107.05

10.0 8.07 93.95

50.0 7.22 104.09

Day 5 5.0 8.02 114.22

10.0 7.45 98.74

50.0 8.76 97.16

a n = 6; RSD relative standard deviation

Fig. 4 MS/MS spectrum of HMF in cooked FJRS-24h was showed in
Fig. 4 A. Chromatograms of 5-hydroxymethyl-2-furaldehyde (HMF) in
japonica rice matrices (as shown in Fig. 4 B); a, the sample of HMF
standard (10.0 μg/L); b, the sample of cooked FJR-30h; c, the sample
of cooked FJR-30h spiked with HMF standards (2.0 μg/L); d, the sample
of cooked FJRS-24h; e, the sample of cooked FJRS-24h spiked with
HMF standards (20.0 μg/L)
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the above results illustrated that the HMF content in JRS sam-
ples was 0.04 μg/kg, while the FJR sample (non-stored
sample) has no HMF prior to cooking (lower than LOQ).

The cooking and warming stage of the electric cooker in-
cludes temperature increase to 100 °C and is then maintained
at 60–80 °C for 0–30 h. Therefore, Maillard reaction may
occur in the electric cooker during the cooking and warming
procedure. The concentrations of HMF in cooked FJR and
cooked FJRS samples are shown in Table 4. Prolonging the
warming time from 0 to 30 h, the amounts HMF remarkably
increased both in the cooked FJR samples or cooked FJRS
samples. The HMF was not detectable during 0 to 6 h; how-
ever, HMF concentration was in the range of 0.11–0.22 μg/kg
in the cooked FJR samples. Besides, HMF levels ranged from
0.07 to 1.13 μg/kg in the cooked FJRS samples, which were
relatively higher than that in cooked FJR samples.

HMF, an advanced Maillard reaction product, could be
facilitated and accumulated by heat treatment and storage
(Rada-Mendoza et al. 2004). On one hand, temperature and
water content (about 60%) were necessary to form HMF dur-
ing the Maillard reaction (Arribas-Lorenzo and Morales
2010), and the warming stage (60–80 °C) promoted the de-
velopment of variable amounts of HMF. On the other hand,
reaction time was also a significant determinant of the forma-
tion of Maillard reaction products and favored HMF forma-
tion (Alberto et al. 2012). In other words, the HMF levels of

the cooked FJR and cooked FJRS samples strongly correlated
with the Maillard reaction temperature and time.

Color in Cooked Japonica Rice

Mean b* values in the cooked FJR and cooked FJRS samples
in the warming stage for 0–30 h are reported in Table 4.
Significant differences (P < 0.05) were detected in the cooked
FJR samples among the six warming times suggesting that
with longer warming times, the greater b* values will increase
(mean b* values for 0–30 h in the cooked FJR samples were
6.02, 6.83, 7.89, 8.16, 8.78, and 9.01, respectively).
Furthermore, the values indicating the degree of yellowness
of the samples were significantly higher in the cooked FJRS
samples than those in cooked FJR samples. Comparing the
cooked FJR-24h and cooked FJRS-24h samples, there were
conspicuous differences in color data, the b* values ranged
from 8.78 to 9.88. Especially, the b* values both increased
observably with a prolonged warming time of cooked FJR
or cooked FJRS samples. The results demonstrated that the
b* (yellowness) value was facilitated by the Maillard reaction
time. In other words, the b* values of rice samples were ob-
servably changed by the keeping warm time and increased
with the extension of time.

Interestingly, significant differences in HMF contents were
also observed during the warming period. The HMF levels in

Table 4 Determination of 5-
hydroxymethyl-2-furaldehyde
(HMF, μg/kg) and b* values in
cooked japonica rice samplesa

Number Samples HMF (μg/kg) b*

Cooked FJR samples 1 FJR-0h nd 6.02 ± 0.24a

2 FJR-6h nd 6.83 ± 0.13b

3 FJR-12h 0.11 ± 0.008a 7.89 ± 0.03c

4 FJR-18h 0.14 ± 0.01b 8.16 ± 0.04d

5 FJR-24h 0.19 ± 0.01c 8.78 ± 0.19e

6 FJR-30h 0.22 ± 0.01d 9.01 ± 0.08f

Cooked FJRS samples 7 FJRS-0h 0.07 ± 0.005a 7.67 ± 0.28a

8 FJRS-6h 0.18 ± 0.01b 8.52 ± 0.06b

9 FJRS-12h 0.42 ± 0.02c 9.06 ± 0.25c

10 FJRS-18h 0.60 ± 0.02d 9.47 ± 0.14d

11 FJRS-24h 0.83 ± 0.03e 9.88 ± 0.19e

12 FJRS-30h 1.13 ± 0.07f 11.43 ± 0.10f

aMean value ± standard deviation (SD), n = 3. nd not detectable. b* values measure blueness to yellowness (b*,
negative = blue, positive = yellow). Values in a column followed by different letters mean statistically significant
differences (*P < 0.05) in cooked FJR samples or cooked FJRS samples, respectively

Table 3 Recoveries of 5-
hydroxymethyl-2-furaldehyde
(HMF) in cooked japonica rice
matrices with different spiked
levels (2.0, 5.0, and 10.0 μg/L for
cooked FJR samples; 5.0, 10.0,
and 20.0 μg/L for cooked FJRS
samples)a

Spiked HMF(μg/L) Cooked FJR-30h Spiked HMF (μg/L) Cooked FJRS-24h

2.0 104.86 (6.90) 5.0 110.48 (5.14)

5.0 97.60 (8.04) 10.0 95.02 (5.45)

10.0 82.87 (7.36) 20.0 107.95 (8.68)

a Results shown were % recovery with % RSD in parentheses, n = 3. RSD relative standard deviation
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the cooked FJR and cooked FJRS samples were less than 0.22
μg/kg and ranged from 0.07 to 1.13 μg/kg for 0–30 h, respec-
tively. The HMF levels in Table 4 were in the same rising
tendency to the ones reported in the color (the b* value).
Capuano et al. (Capuano and Fogliano 2011) and Toker
et al. (Toker et al. 2013) also illustrated that HMF, as the
precursors of polymeric products, might be involved in reac-
tion leading to the development of brown color. Moreover,
color changes occur at parboiled rice mainly due to the
Maillard browning and pigment diffusion during soaking
and steaming. The result revealed that the color of cooked
FJR or cooked FJRS samples seem to correlate with the con-
tent of HMF and the time.

Correlation Analysis in Cooked Japonica Rice

As shown in Table 5, the correlation analysis displayed posi-
tive correlations between the warming time and HMF levels (r
= 0.970; **P < 0.01), between the warming time and b*
values (r = 0.969; **P < 0.01), also between HMF levels
and b* values (r = 0.969; **P < 0.01) in cooked FJR samples.
Furthermore, the correlation analysis revealed that the
warming time was positively correlated with HMF levels (r
= 0.989; **P < 0.01) and b* values (r = 0.963; **P < 0.01) in
cooked FJRS samples, respectively. Additionally, HMF levels
showed positive effects on b* values with r = 0.970 (**P <
0.01) in cooked FJRS samples. Therefore, the results illustrat-
ed that the warming time is essential for HMF levels and b*
values with strong positive correlations. Moreover, it was ap-
parent that HMF levels, in cooked FJR samples or cooked
FJRS samples, do have effects on b* values.

Conclusions

A rapid and effective modified QuEChERSmethod combined
with DLLME using UPLC-ESI-MS/MS was proposed for
HMF analysis in cooked japonica rice. Moreover, the pretreat-
ment method was helpful to give an acceptable clean-up and
concentration effect compared to the sample without clean-up,

with only modified QuEChERS or with only DLLME in the
determination of HMF. Besides, the established pretreatment
method was rapid and accurate for the trace HMF determina-
tion in rice with excellent repeatability, linearity, accuracy, and
satisfactory recovery rate. The HMF levels were increased
with longer warming times with a positive correlation (r =
0.970), and HMF levels in cooked FJRS samples were higher
than that in cooked FJR samples. The b* values of cooked
japonica rice samples strongly correlated with the content of
HMF (r = 0.970) and the warming time (r = 0.969). HMF
provided guidance for monitoring color changes in rice.
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