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Abstract

Process contaminants (NFCs) such as acrylamide, furfuryl alcohol
(FFA), and hydroxymethylfurfural (HMF) have been linked to the
development of adenomas, toxicity, and carcinogenicity. These
NFCs are found in roasted coffee and cocoa consumed worldwide.
Therefore, developing and evaluating reliable analytical methods for
their determination is imperative. These methods are mainly based
on chromatography, mass spectrometry, and absorbance detectors.
However, information on the validation of analytical methods for
determining NFCs, particularly in cocoa, is scarce, leading to
uncertainty about the validity of the results. The performance
parameters of the methods provide the reliability required for their
intended use. Therefore, this study validated the performance
parameters of Liquid Chromatography Tandem Mass Spectrometry
(LC-MS/MS) and Liquid Chromatography coupled with a Diode
Array Detector (LC-DAD) methods for determining NFC in roasted
coffee and cocoa to provide reliable methods. The methods evaluated
demonstrated a satisfactory fit to the linear model, with a coefficient
of determination (R’) greater than 0.997. The accuracy of the
methods ranged between 80 and 120%, and the precision and
intermediate precision were below 9% RSD and below 16%. The
reproducibility of the methods was between 0.36 and 2% in terms of
HorRat. The methods were considered suitable for the determination
of NFCs in high consumption matrices such as cocoa and coffee, in
accordance with international guidelines of the Food and Drug
Administration (FDA) and the Association of Official Analytical
Chemists (AOAC). Obtaining these performance indicators for
determining compounds of high interest, such as acrylamide,
contributes to remedying the lack of information on the validation of
methods for quantification, especially in cocoa. In addition, the
importance of using salts for extract clean-up was established, which
consistently and reliably eliminates interferences, allowing for
greater sensitivity of the methods.
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Process contaminants or neoformed compounds (NFCs)
such as acrylamide, furfuryl alcohol (FFA), and
hydroxymethylfurfural (HMF) are compounds that can have
adverse health effects. They are formed in foods such as coffee
and cocoa when subjected to at high temperatures (<120 °C)
through various chemical reactions, including the Maillard
reaction, caramelization of sugars (pyrolysis), Strecker
degradation, and lipid oxidation. [1].

Acrylamide is an organic molecule whose main formation
pathway is based on the interaction between the carbonyl group
of free sugars and the amino group, also known as the Maillard
reaction. A highly reactive molecule is absorbed through the
gastrointestinal tract, metabolized by conjugation with
glutathione and epoxidation to glycidamide, and distributed
throughout the organs, capable of ionic binding and free
radicals [2]. The chemical properties of this molecule have been
studied, and adverse effects have been observed in rats and mice
as a possible inducer of genotoxicity and potential
carcinogenicity by oral ingestion in mice [3]. It was identified
by the International Agency for Research on Cancer (IARC) in
1994 as possibly carcinogenic to humans (Group 2A) [1]. On
the other hand, furfuryl alcohol can be formed through the
Maillard reaction, degradation of sugars and polysaccharides, it
is absorbed and metabolized by the human body through
oxidation to furfuroic acid. Entities like the TARC have
classified furfuryl alcohol in Group 2B as possibly
carcinogenic. On the other hand, HMF has been the subject of
research, finding mutagenic effects in the presence of the
cytosolic fraction of rat liver with 3'-phosphoadenosine-5'-
phosphosulfate as a cofactor of Sulfotransferase (SULT), which
is also present in the human body [4]. The importance of these
compounds for health and their presence in food makes it
necessary to establish reliable methods for the determination of
NFCs, which can be applied internally or outsourced, with the
objective of enabling the control of the roasting process and the
chemical quality of the products, as well as the development
and research of techniques for the reduction or mitigation of
NFCs in the industries.[5], [6], [7].
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Liquid chromatography (LC) and gas chromatography
(GC) are the most widely used techniques for the determination
of these compounds due to their high sensitivity, effective
separation, and simultaneous quantification of a wide variety of
compounds, such as furans (HMF and FFA). The detectors
associated with LC are based on the properties of matter, such
as absorbance, refractive index, fluorescence, and
fragmentation pattern [11]. On the other hand, GC-associated
detectors are based on the determination of volatile and
thermostable compounds, generally quantified or identified by
their fragmentation pattern, ability to ionize and generate
electric current, as well as their affinity for electrons in an
electric field, which allows their capture and indirect
quantification [12]. Acrylamide is usually quantified by liquid
chromatography (LC) or gas chromatography (GC) and is often
associated with mass spectroscopy (MS) [13], [14], [15], [16].
Meanwhile, diode arrays or ultraviolet detectors are often used
to detect FFA and HMF [8].

To ensure accurate results during analyte extraction, it is
necessary to perform cleaning and clarification steps on the
extracts to remove possible interferences, such as proteins,
fibers, and oils. These interferences, at high concentrations, can
saturate the chromatographic system, which could result in
mass-coupled systems in incomplete ionizations and an
excessive occupation of the separation sites on the column. In
addition, it can lead to poor recoveries due to the change of
polarity between molecules, which limits the access of the
solvent to all compounds. Also, there is a risk of co-extracting
related compounds, which could increase the instrumental
response and cause inappropriate or inaccurate detections,
known as the matrix effect. Also, the trace composition in the
extract may promote the formation/degradation of NFCs in the
food during the extraction process, mainly when carried out at
high temperatures [9]. One way to mitigate the inaccuracy
problem is by adding internal standards, which allow the
retention or signal to be corrected for concentration [17].

All this generates an uncertainty associated with the
results obtained by analytical methods, which can be reduced
by validating their application. Generally, this process involves
the evaluation of parameters such as selectivity, linearity, limits
of detection and quantification, accuracy, precision,
intermediate precision, and reproducibility [18]. These data are
essential to confirm the method's suitability in the samples
evaluated, covering different concentration ranges, providing
more excellent reliability, and ensuring the quality of the
determinations made. Although this process is essential, there
is a lack of information in the different scientific papers
regarding the validation of analytical methods, especially for
quantifying NFCs in cocoa. For this reason, the objective of the
present work was to establish a methodology for the internal
validation of methods for determining NFCs in coffee and
cocoa by LC-MS/MS (acrylamide) and LC-DAD (HMF and
FA).

Il. EXPERIMENTAL SECTION

A. Reagents

The reagents methanol LC-MS (>99.97%), acetonitrile
LC-MS (299.9%), and formic acid (>97.5%), Carrez
Clarification Kit were purchased from Merck Group, Germany.
While acrylamide HPLC grade (99.8%), acrylamide deuterated
3 (d3) analytical grade (500 mg Kg-1), furfuryl alcohol
analytical standard grade (99.8%), and hydroxymethylfurfural
analytical standard grade (99.7%), and sodium chloride (>99%)
were purchased with Sigma Aldrich, USA. On the other hand,
the QUEChERS AOAC Method Kit, composed of 400 mg
Primary and secondary amine (PSA) and 1200 mg anhydrous
magnesium sulfate (MgSO.) was purchased from Thermo
Fisher Scientific, USA.

B. Samples

The samples analyzed were roasted Arabica coffee (100 g)
and a blend of roasted Trinitario and Criollo cocoa (100 g). The
samples were screened for a particle size between 400 and 500
pm.

C. Obtaining extracts

Coffee and cocoa extracts for acrylamide determination

The extract was prepared at a concentration of 100 mg mL"
! taking 0.5 g of ground coffee or cocoa in 4 mL of water.
Then, 1 mL of acrylamide-d3 (1000 pg L) was added and
homogenized before the addition of dichloromethane in the
same proportion of the solvent (5 mL). It was shaken for 5 min
at 2500 rpm between each step. Next, it was centrifuged at 7000
g for 5 min; then, the aqueous phase was removed and mixed
with acetonitrile and 2 g of sodium chloride (NaCl) to drive the
change of the analyte to the organic phase. Subsequently, 4 mL
of the organic phase were added to the 15 mL falcon tubes of
the QUEChERS AOAC 2007 QUEChERS Kit, which consisted
of 1200 g MgSO4 and 400 mg PSA (Thermo Scientific, USA).
Finally, filtration at 0.2 um with nylon was performed, and the
samples were transferred to vials.

Coffee and cocoa extracts for FFA and HMF determination

The extracts were prepared at 40000 and 10000 mg L7,
taking 50 and 200 mg, for HMF and FFA of ground coffee or
cocoa in 5 mL of water, respectively. They were clarified by the
addition of 0.75 ml of potassium hexacyanoferrate(ll)
trinydrate (K4[Fe(CN)g] x 3H,0) at 0.15 g mlt (Carrez I) and
zinc sulfate heptahydrate (ZnSO4 x 7H,0) at 0.3 g mI* (Carrez
I1). After adding these substances, it was shaken for 1 minute
and allowed to stand for 5 minutes. It was then centrifuged at
4500 g for 20 min and passed into a vial through 0.2 pm nylon
filters [8].

Obtaining acrylamide standards
Concentrations in the range of 10 ug L* to 400 pg L of
acrylamide were performed, with the addition of 100 puL of a
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1000 ug L™ acrylamide-d3 solution in type | water as a standard
control in both matrices.

Obtaining HMF and FFA standards

The calibration curve was made in the concentration range
of 1-30 pg mL* of a mixed standard of 2-FFA, 5-HMF for two
matrices, which were diluted in type | water, followed by
ultrasound for 10 min, and passed through a nylon filter with a
pore size of 0.22 um.

D. Optimization of analytical methods

Optimization of the method for acrylamide determination by
LC-MS/MS

A 500 pg L' acrylamide and acrylamide-d3 standard
prepared in acetonitrile with 0.1% formic acid was infused into
the triple quadrupole analyzer for optimization. Primarily, the
capillary voltage was established by successive comparisons in
the intensity of the transitions, increasing by 0.50 kV, similar to
the cone and collision voltage at every 2 V.

On the other hand, the retention of acrylamide in the
columns UPLC BEH C18, 130A, 1.7 um, 2.1 mm X 50 mm and
ACQUITY UPLC HSS T3, 100 A, 1.8 um, 2.1 mm x 100 mm,
in the composition 90% water and 10% acetonitrile both
acidified with 0.1% formic acid, was compared to select the
column that retained acrylamide longer.

Optimization of the method for the determination of FFA and
HMF by LC-DAD.

External standards of FFA and HMF prepared at 35 mg L-
1 were injected, and the absorbance of the NFCs was confirmed
at 217 nm for FFA and 284 nm for HMF. The samples were
then analyzed to determine the analytes' concentration and
establish the linearity ranges and the solvent extract ratio.
Increasing the extract ratio four times in cocoa was necessary
due to the low presence of FFA.

E. Conditions for the determination of NFCs

Acrylamide quantification (LC-MS/MS)

Acrylamide was determined using Ultra Performance
Liquid Chromatography-tandem mass spectrometry (UPLC-
MS/MS) on an ACQUITY UPLC-I-Class system coupled to a
Xevo TQ-S micro triple quadrupole mass analyzer (MS/MS)
(Waters Corporation, United States). A 4 pL injection volume
and a 0.2 mL min! flow rate were employed, with an Acquity
UPLC HSS T3 column (2.1 mm x 100 mm, 1.8 pm) at 30°C
column temperature. The mobile phase comprised a mixture of
0.1% formic acid in water (A) and acetonitrile with 0.1% formic
acid (B). The composition varied from an initial 90% of A to
1.5 minutes, then decreased to 50% until 1.8 minutes.
Subsequently, it remained constant for 0.3 minutes, followed by
a gradual increase in the percentage of B to 95% at 2.5 minutes,
then decreased to 50% until 2.8 minutes. Finally, it decreased
to 10% at 3.2 minutes and remained constant until 7 minutes.

The MS/MS was configured in positive electrospray
ionization mode, utilizing multiple reaction monitoring (MRM)
acquisition. A capillary voltage of 0.5 kV and a cone voltage of
20 V was applied, with source and desolvation temperatures set
at 150 °C and 500 °C, respectively. Nitrogen gas flows for
desolvation and collision were maintained at 1000 L h** and 50
L/h. The molecular ion [M+H]+ for acrylamide was monitored
at m/z 72.8616 > 44.9627, 55.8925, with cone and collision
voltages set at 20 V, 8 V, and 14 V, respectively. For
acrylamide-d3, the [M+H]+ ion was monitored at m/z 75.0000
> 32.9900, 58.1000, with a cone voltage of 24 V and collision
voltages of 8 V and 10 V, respectively [21], [22], [23].

FFA and HMF quantification (LC-DAD)

FFA and HMF were determined using High-performance
liquid chromatography coupled with a diode array detector
(HPLC-DAD) on an Agilent 1200 series HPLC system (Agilent
Technologies, Germany) with a PROTECOL C8 H column
(150 mm X 4.6 mm, 125 pm, Machery-Nagel, Germany).

The mobile phase was composed of 80% acetic acid 0.1%
v vlin type | water (A) and 20% methanol (B), with a total run
time of 15 minutes, an injection volume of 20 pL, a flow rate
of 1 mL min* flow rate, and a column temperature of 30 °C.
The FFA compound was detected at 217 nm and 5-HMF at 284
nm [8].

F. Figure of merit

The performance parameters of the analytical methods
were validated within the context of "The fitness for the purpose
of analytical methods: a laboratory guide to method validation
and related topics”[19], Appendix F: “Guidelines for Standard
Method Performance Requirements” and “Laboratory Manual
Volumen Il Methods, Method Verification and Validation
Sections” de la Food and Drug Administration (FDA) Office of
Regulatory Affairs (ORA) [20].

Selectivity

The selectivity test was performed by comparing
chromatograms of six samples of each matrix with the target
analyte, six injections of the standard of the same concentration
level (400 pg Kg for acrylamide, and 30 mg Kg* for FFA y
HMF), and two injections of the extraction solvent as the blank.
Retention times and areas of the standards were compared. The
system's reproducibility as a function of time and areas under
the curve were evaluated in %RSD (Relative Standard
Deviation), which was accepted when it was less than 5% [20].
Additionally, the theoretical plates (>10000) and the
asymmetry factor (0.8-1.3) were evaluated as an indication of
the system's suitability.

Linearity

It was evaluated by quantification in triplicate of seven
concentration levels standards 5, 10, 15, 30, 70, 140, 280 y 400
ug Kg? for acrylamide, 1, 5, 10, 15, 20, 25 y 30 mg Kg™* for
FFA and HMF, respectively). The linearity of the system was

22" LACCEI International Multi-Conference for Engineering, Education, and Technology: Sustainable Engineering for a Diverse, Equitable, and Inclusive Future at the Service
of Education, Research, and Industry for a Society 5.0. Hybrid Event, San Jose — COSTA RICA, July 17 - 19, 2024. 3



determined by external standard for the FFA and HMF and by
internal standard for the acrylamide; the data were
mathematically modeled (1), where o is the intercept, 3 is the
slope, and y was the instrumental response [19].

y=a+ Bx 1)

Limit of Detection (LOD)and Limit of Quantification (LOQ)

The LOD and LOQ were estimated using the equation (2)
and (3), respectively, where the RSD corresponds to the relative
standard deviation in the intercept values [19].

LOD = 3 « %D 2)
LOQ = 10 * % 3)
Accuracy

This parameter was quantified using the equation (4),
where C is the instrumental analytical concentration and Cr is
the theoretical concentration. Three replicates were prepared
for three concentration levels and injected in duplicate (2, 8, 32
Hg Kg* for acrylamide in coffee and 10, 40, 120 pug Kg* in
cocoa roasted, 1, 5 y 10 mg Kg* for FFA and HMF,
respectively in both food). The acceptance criterion was based
on the mean percentage recovery at each level, which ranged
from 80 to 110%, and the %RSD that was less than < 5.0% at
each percentage recovery level. In addition, the t Student
statistic was applied to the averages at each level, with an
acceptance value of 95% [20].

(4)

Recovery = =
Cr
Precision

This parameter was validated by evaluating six coffee
extracts and six cocoa extracts, according to the methods
described for each type of technology, which were injected only
once. The acceptance criterion was less than 16% relative
standard deviation and a recovery percentage between 80-120%
[20].

Intermediate precision

To evaluate this parameter, two analysts were used for four
consecutive days; the number of samples and injections per
replicate each day was equal to those of the precision parameter.
The RSD between samples from the same analyst per day was
accepted when it was less than 16% [18].

Reproducibility
Reproducibility was estimated according to the HorRat
equation (5). RSDri is the relative standard deviation for

analyses applied on different days, and PRSDr is the predicted
relative standard deviation, corresponding to 16% [18].

HorRat = 2320 (5)
PRSDr

I11. STATISTICAL ANALYSIS

System suitability, linearity, LOD, LOQ, accuracy,
precision, intermediate precision, and reproducibility were
analyzed by comparison of means and %RSD. Also, linearity
was evaluated by the coefficient of determination, and model
evaluation was performed using the F statistic t-test and
residuals.

IV. RESULTS AND DISCUSS

A. Method optimization for determining acrylamide by LC-
MS/MS and determining FFA and HMF by LC-DAD.

A comparison of the retention time of acrylamide obtained
by the two columns showed a difference of 0.3 min, higher for
the HSS-T3 column, and reproducibility of less than 0.4%. This
may be associated with a lower carbon composition in the HSS-
T3 column, conferring lower hydrophobicity, although not
significantly. The flow rate of 0.3 ml min? allowed the
separation of extracted compounds from analytes not retained
by the column and reduced the asymmetry of acrylamide and
acrylamide-d3 (Fig 1).
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Fig 1. Chromatogram of the acrylamide standard at 280 pg Kg-1 and a roasted
coffee sample chromatogram. Transitions of higher abundance of acrylamide
72.862>55.893 and acrylamide d3 75.1>58.1. Retention times 1.55
(acrylamide) and 1.54 (acrylamide-d3).

The extraction of acrylamide was performed in water
because acrylamide is a small and polar molecule due to the
presence of the amide group (-CONH), which enables
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electrostatic interaction. This confers a good solubility in water
at 20 °C [24]. The cleaning techniques were fundamental to
optimize the process and increase the selectivity and sensitivity
of the method. The addition of sodium chloride to the
acetonitrile in the change from aqueous to organic phase was
implemented to decrease the solvation of the compounds by the
solvent and increase the electrostatic or coordination
interactions between salt ions and acrylamide to increase the
solubility of the analyte [25]. Two compounds were also
selected for the second cleaning step, MgSO4 and PSA, to
adsorb polar impurities from the sample and remove traces of
water and other compounds from the coffee and cocoa. In
addition, agitation was performed to ensure homogenization of
the sample in both the solid and liquid phases, allowing
clarification and concentration of acrylamide in the extract [10].

As for determining FFA and HMF by LC-DAD, the highest
intensity was confirmed at 217 nm for FFA and 284 nm for
HMF. The flow and gradient conditions provided good
resolution and symmetry (Fig 2). FFA and HMA compounds
can accept or donate electrons due to the aldehyde functional
group in both compounds and the hydroxyl group in FFA. In
this sense, water was selected as the extract solvent due to the
asymmetric electronegative charge distribution, which confers
the ability to form dipoles with water. This facilitates their
interaction and solubilization in the aqueous medium, which
favors their extraction and subsequent analysis.
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50
T T T T T
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b}
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25
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Fig 2. Chromatogram of the mixed standard of 10 mg Kg* of FFA and HMF
at 217 nmand 284 nm.

B. Figure of merit to chromatographic methods

Selectivity

Good analyte selectivity in the chromatographic system is
evidenced by minimal or no variation in the retention time of
the target analytes. Conversely, a method with reduced column
stabilization times can lead to changes in time and area, causing
alterations in pressure, mobile phase composition, and
premature elution due to inadequate cleanliness, low ionic
strength, or inadequate gradients. These conditions can lead to
inaccurate and imprecise results, attributed to early or late
elution of compounds from the matrix, co-elution of peaks, and
changes in chromatographic peak areas. In this sense, the
selectivity of the methods was checked according to the

system's  reproducibility about retention times and
reproducibility between areas. On the other hand, the retention
times ranged from 0.0%- 0.01% between the standard and
samples, indicative of the stabilization of the chromatographic
system under the conditions established in the determination
section (pump, degasser, oven, and column).

The reproducibility of the chromatographic system was
satisfactory; the variance between the areas of the
chromatographic peaks showed a variation of less than 2%.
This result indicates a good performance of all the components
of the system (pump, degasser, column, injector, detector) and
confirmation of the homogeneity of the extract and standard,
which guaranteed consistent and reliable results. The
theoretical plates indicated an excellent degree of specific sites
(>10000), which gave rise to separation within the column
(table 1), evidenced by good separation and retention of NFCs
by both methods, increasing the reliability in the correct
separation of compounds in the extracts.

Table 1. Suitability of the chromatographic system before starting the
validation tests.

Parameter Acrylamide FFA HMF
Theoretical plates (N) 120830 12468 10584
Asymmetry factor 1.30 1.02 1.02
Retention time (min) 1.55 4.99 3.66
System Reproducibility o 0 o

(%RSD) 0.02% 0.03% 0.47%

On the other hand, small changes introduced in the mobile
phase can affect the quantification of NFCs derived from the
co-elution of analytes in the same peak, changes in peak shape,
and, consequently, in the areas under the curve. The asymmetry
factor is a parameter that relates to the reproducibility of the
results, obtaining less uncertainty when the peak is sharp
because the Gaussian shape and widening influence the area
under the curve. In this sense, each analyte obtained an
asymmetry factor between 1.3 and 1.02 (table 1), evidencing an
adequate symmetry [20] for acrylamide, FFA, and HMF,
reducing the error in quantification and confirming its
reproducibility. In our review, no articles were found that have
published the suitability of the chromatographic system
(theoretical plates and the asymmetry factor) for the
determinations of these analytes in coffee and cocoa.

Linearity

A linear fit implies a proportional relationship between
analyte concentration and instrumental response. The estimated
pure error between the model and the replicates of the different
concentration levels was acceptable within the normal
distribution (p<0.05). This allows estimating the concentration
of the NFCs with a high degree of confidence or probability that
the assessed value is the calculated one. Additionally, the t-
distribution test indicated that the instrumental response
changes concerning the analyte concentration and is not
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constant, with a significant slope for all predictive models (table
1).

Table 2. Evaluate linearity, LOD, and LOQ for quantifying acrylamide, HMF,
FFA, and FA in cocoa and coffee.

Parameter Acrylamide FFA HMF
B 4.04% 107.38*(Kgmg~  129.01*(Kg mg
‘ muA?) muA?)
a 0.03"sb 16.27"* (muA) -6.68"* (MuA)
Linearity 0.03-1.33° 10-30 mg Kg* 10-30 mg Kg*
R? 0.9978 1.0000 0.9998
LOD (ug mLY) 0.003 0.081 0.249
LOQ (ug mL™) 0.011 0.272 0.832

ns: Insignificant (p<0.05)

* Significant (p>0.05)

2: The ratio of the peak areas of standard acrylamide to acrylamide-d3.

b: Adimensional.

¢ The ratio between the concentration of standard acrylamide and acrylamide-
d3.

On the other hand, the intercept for all analytes was
insignificant in the model, indicating that it is very close to zero
or is zero and can be neglected without affecting the estimated
concentration. In addition, the coefficient of determination
showed that the variance in the instrumental response can be
explained by a factor greater than 0.99 concerning the variance
of the FFA and HMF concentration and the relationship
between acrylamide concentration and acrylamide d3. The
residual plot allows us to identify that the data tends to take the
values of the model when approaching zero, indicating that the
obtained models are reliable for linear prediction [19].

LOD and LOQ

The LOD and LOQ were essential to know the limits for
reliable quantification and proper use of analytes across
methods. When this value approaches 0, it facilitates the
determination and identification of trace amounts of analytes at
lower concentrations, widening the field of action of the
methods, not only for characterization but also for quality
control in acceptance and rejection. This is implicitly related to
the sensitivity of the selected technique. Mass spectrometry is
more sensitive because the fragmentation pattern of a molecule
is attributed to the types of bonds and spatial location of the
bonds. This allows a higher precision in confirming the
analyte's identity than DAD (Table 3). According to estimates,
the equipment can detect acrylamide from 3 pg L and 81 g
L for FFA and 249 pg L* for HMF. In this sense, the
sensitivity of the equipment was adequate because the methods
allowed the identification of the compounds in both matrices
according to the reported ranges of 222 to 922 pg kg*
acrylamide and 1.2 to 7.3 nmol g** HMF cocoa beans [26] and
400 pg kg of acrylamide and 418 pg g* FFA in coffee beans

(8], [27].

Accuracy

Recovery was between 80% and 120%, within AOAC,
2015 recommended limits. This is comparable to 73.4 - 92.8 %
and 97 % acrylamide in coffee and alkaline cacao beans [28].
89.94-97.54% HMF and 99.34-100.47% HMF and FFA were

found by [8] in roasted cocoa and coffee, respectively. The t
Student tests confirmed that concentration did not affect the
recoveries obtained [20]. In this sense, the methods are accurate
(table 3).

Precision and intermediate precision

Precision and intermediate precision are adequate because
they meet FDA recommendations [20], as the precision is lower
than 16%RSD for acrylamide and 5%RSD for FFA and HMF.
In addition, the intermediate precision for all analytes is less
than 16%. This is similar to that reported by other authors in
ranges of 0.6-14.23% RSD [8], [14], [29]. The mixture of cocoa
genotypes could influence the high variability in accuracy
because the composition changes between genotypes,
generating an effect on the formation of NFCs. Nevertheless,
the methodology used is sufficient to obtain an acceptable
intermediate precision.

Table 3. Figure of merit of the methods for the determination of
acrylamide, FFA, and HMF.

Intermedia

Food Analyte Re%%ery ?(ZCR';'S;‘ ;(;g/czgéllg? H?Jgat
Coffee  Acrylamide 87.46-111.5 8.26 13.51 0.84
FFA 80.9-101.8 197 2.93 0.98
HMF 86.4-100.8 1.09 6.16 0.36
Cocoa  Acrylamide 86.9-90.7 8.91 15.80 0.98
FFA 80.9-101.8 2.73 15.73 1.97
HMF 91.7-100.9 2.85 13.43 2.00

Reproducibility

The HorRat value was equal to or less than 2 (table 3),
indicating that the methods are potentially reproducible
between laboratories. However, the HMF and FFA in cocoa are
close to the upper limit, which can be reduced by modifying the
technique, such as increasing the homogenization time of the
raw material to decrease the variation [18], [19].

V CONCLUSIONS

Two methods for quantifying and detecting NFCs in coffee
and cocoa were validated regarding selectivity, linearity, LOD,
LOQ, accuracy, precision, and intermediate precision. Adding
clean-up steps and optimizing the chromatographic system
prevents misidentification and quantification. The methods
analyzed were robust, able to withstand minor changes and
remain accurate and reliable.

The LOQ and LOD obtained showed that the method can
accurately detect and quantify relatively low concentrations of
the analytes. Furthermore, it was demonstrated that consistent
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and reliable results can be obtained with this methodology.
Finally, developing a methodology that allows simultaneous
identification to reduce analysis costs may be challenging. The
mixture of extracts can be an alternative for the joint detection
of NFCs because some reagents, such as PSA, can retain most
of the HMF, reducing its recovery. However, ion exchange
cartridges and activated carbon may be an option for
interference cleaning and analyte concentration.

Finally, the validated methodologies may be applied in
quality control,

research and development laboratories

belonging to the coffee and cocoa industry, subject to internal
verification. This will facilitate the concentration of NFCs to be
controlled, optimised roasting operating conditions (time,
temperature, pressure) to be reduced, and NFCs to be ensured
to be of the highest quality.
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