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Abstract: Curricula related to instrumental analysis aim for competency-based education to pro-
mote the development of teaching strategies that encourage students to successfully tackle the
problem-solving and tasks inherent to their profession. However, this endeavor is constrained by
the complexity of equipment and the lack of time in laboratory classes. The objective of this work is
to present an alternative high-performance liquid chromatography (HPLC) practice that adapts the
desired competencies to a shorter and more effective timeframe. It seeks more active participation
from the student and contextualizes chromatographic analysis within a real-world problem that
encompasses the entire analytical process, from sample to final result. In this scenario, the student
receives a solid sample of spicy paprika from a supermarket and must report the level of spiciness in
terms of the total amount of capsaicinoids. To achieve this, they must first apply different experimen-
tal conditions for extracting the analytes of interest (varying temperatures and solvents) and selecting
the most optimal condition. This practice is designed for short sessions, specifically conducted in
two 2.5 h laboratory sessions, and has been implemented in the subject “Advanced Techniques in
Instrumental Analysis (ATIA)” in the fourth year of the Degree in Biotechnology at the University
of Cadiz. The results obtained demonstrated a significant increase in student motivation and an
improvement in the acquisition of skills; 100% of the students achieved a grade higher than seven in
the final evaluation of their learning process.

Keywords: HPLC; analytical chemistry; capsaicinoids; instrumental techniques; extraction; laboratory
practice; agrifood analysis

1. Introduction

Currently, the globalization process has brought about many advancements of all
kinds, primarily technological. Therefore, human beings are now required to have the
ability to confront these changes by developing a series of skills, abilities, and critical
thinking in order to achieve a proper education [1].

Nowadays, there is a strong consensus suggesting that, to promote improvement in
thinking skills, it is necessary to create a conducive learning environment for students
to take an active role in the process. According to Travieso et al. [2], there are three
principles related to learning. The first one is to value learning by the students as a system
of construction rather than passivity. The second principle is based on the impact of
metacognition on knowledge utilization, with metacognition understood as an awareness
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of one’s own thought processes and understanding the patterns behind them. Lastly, the
third principle emphasizes the social nature of learning. This implies that students can
explore complex problem situations by posing open-ended questions that guide discussion,
exchange of ideas, and meaning construction.

These active methodologies aim to foster knowledge construction through inquiry,
reflection, creativity, and problem solving [3]. Their effectiveness is contingent upon role
changes throughout the learning process, with the teacher taking on the role of facilitator
or guide, while still recognizing that the teacher also has to teach, as not everything
can be learned autonomously. The methodological proposal of Problem-Based Learning
(PBL) is an appealing alternative to implement this active methodology. It is the means
by which the activities aimed at promoting active and direct participation of students
throughout the teaching-learning process are made possible. PBL stimulates interpersonal
relationships and communication skills, develops research skills, and promotes reflection
and analysis [4,5].

One of the current premises in curricula, concerning content related to Instrumental
Analysis, is to promote the development of teaching strategies that encourage students
to acquire basic skills in the field of chemistry, such as sample preparation, handling of
materials, instrumentation, and data analysis. These competencies aim to foster their
creativity and autonomy [6], and therefore, new methodologies are considered that enable
competency-based education, allowing for comprehensive development of the individ-
ual [7]. One of the main objectives of laboratory sessions is for students not only to acquire
isolated knowledge of different techniques but also to have the ability to correctly apply
the acquired knowledge in solving real analytical problems within their field of study and
with autonomy [8]. The role of the laboratory in the teaching-learning process, in addition
to consolidating conceptual concepts, provides students with the procedural content and
basic skills they will need in their future professional endeavors. However, the complexity
of the equipment, the limited time dedicated to laboratory practice in the curricula, and
the cost of materials make it difficult to acquire these skills. These limitations result in
conventional laboratory practices, where procedures similar to a “cookbook” are followed,
ensuring that they are completed within the stipulated time without deviations in results
and increased costs [9]. Students are provided with a protocol they must strictly adhere
to, leaving no room for improvisation, thus creating a learning situation that does not
foster student autonomy and limits the meaningful learning of content. For this reason,
it is necessary to establish training strategies in these subjects where students take on a
more active role in their learning, make decisions, and construct their own knowledge [10].
These proposals must be everyday real problems of their profession but ensure, at the
same time, that they can be solved in the laboratory session and at no greater cost than
conventional ones [11]. However, despite the theoretical simplicity of these problems, they
should serve as the fundamental basis for achieving the learning objectives established as
requirements for passing the course. Additionally, through the use of this methodology,
students will develop other competencies, such as collaborative work, learning to work in
teams, dividing tasks, learning communication strategies, and promoting peer teaching
(explaining to others) [12,13]. Thus, this work is generally established as Problem-Based
Learning (PBL) adapted to the context of instrumental analysis within analytical chemistry.
This learning methodology has been widely used at various educational levels [14-16]
with the aim of enabling students to develop self-directed learning habits, problem-solving
skills, and deep disciplinary knowledge [17-19].

Based on all of the above, a practical exercise has been designed to develop students’
autonomy and cooperation skills while being motivating and adapting to the infrastructure
and limitations of an educational institution. In this way, it can be conducted in a few
hours, successfully contextualizing to the students’ environment, the chromatographic
analysis within the analytical process, starting from a real problem [20]. In this practice,
the student takes on the role of a quality manager in a laboratory, who must provide a
client with the total amount of spiciness of a batch of supermarket paprika samples to add
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this information to its labeling. To do this, they need to determine the total concentration
(mg/g) of capsaicinoids in the paprika. Many authors advocate for the utility of case
studies, as using real-life examples from their profession in the teaching-learning process
increases interest and the degree of knowledge assimilation and fosters students’ attitudes
and aptitudes [21].

Thus, the objectives pursued by this practice are:

- Understanding the concept of extraction and the optimization of the most influential
parameters to obtain the greatest number of compounds of interest from a sample.
Knowing extraction methods for natural compounds in samples of biotechnological
interest and being able to choose the most appropriate method according to the nature
of the sample;

- Familiarizing the student with high-performance liquid chromatography (HPLC), includ-
ing its application, handling the instrumentation, preparing calibration curves, learning
to separate and detect compounds, and the pre-treatment of sample extraction;

- Working in teams, developing communication skills, and interaction among students;

- Learning to interpret, compare, and explain the results obtained;

- Understanding the importance of the different stages of the analytical process to solve
an initial analytical problem by reporting the analytical results.

In this way, the laboratory session proposed as a model employs a real-life situation
where students identify fundamental problems they are unfamiliar with, obtain new
learning objectives that allow them to deepen their understanding of the content, retain
information, and develop additional competencies beyond those of the subject itself [22].

Thus, the objective of this practice is for students not to view instrumental techniques
in isolation and analyze samples following a standard protocol but rather to face decision-
making and to assess the importance of sample pretreatment, the amount of sample to be
taken, the selection of experimental conditions in extraction, and critical interpretation of
the results, while simultaneously developing their skill in laboratory operations.

2. Methodology
2.1. Sample

The starting sample is a commercial container of spicy paprika obtained from a local
store. Spicy paprika was chosen because it is easy to obtain and handle and is non-
contaminating and non-hazardous. Additionally, it is economical, and the fact that it is
a sample known to the students further arouses their curiosity, as they see it as a more
familiar product. The student decides how much of the sample, between 1 and 2 g, to take
from the container for the practical exercise.

2.2. Materials and Reagents

To carry out this experiment, a specialized laboratory for analytical chemistry is
required, equipped with balances, spatulas, thermometers, wash bottles, stirring plates, an
ice bath, scissors, filter paper, a high-performance liquid chromatography instrument, and
an adequate supply of glassware. Specifically, in addition to the common equipment and
materials, for each pair of students, the following material is necessary:

- Two 50 mL volumetric flasks;

- Three 100 mL beakers;

- A 600 mL beaker;

- A50mL graduated cylinder;

- A 5mL syringe with a needle;

- Two nylon syringe filters;

- Two Pasteur pipettes and 2 rubber bulbs;

- A conical funnel;

- A Teflon-coated magnet;

- Two HPLC vials with their respective caps.
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For the preparation of the extracts, Milli-Q water is used, in this case obtained through a
Millipore water purification system (Bedford, MA, USA). And, HPLC-grade methanol was
acquired from Panreac Quimica S.A.U. (Castellar del Vallés, Spain). For chromatographic
separations, acetic acid is employed, in this case obtained from Merck (Darmstadt, Germany).

2.3. HPLC Instrumentation

The sample analysis is conducted at room temperature using a high-performance
liquid chromatography (HPLC) system from JASCO (Tokyo, Japan), composed of an
autosampler (Intelligent Sampler AS-2055 Plus), a pump (Intelligent HPLC Pump PU-
1580), a mixing unit (Quaternary Gradient Unit LG-1580-04), a solvent degasser (Degasys
Populaire), a UV-Vis detector (Intelligent-UV-Vis Detector UV-1575), a LiChrospher® 100
RP-18 column (Merck KGaA 64271, Darmstadt, Germany) (250 mm x 4 mm, 5 pm particle
size), and a control interface (LC-Netll/ ADC).

The method for separating capsaicinoids has been previously developed by the subject
instructors. It employs two elution solvents: water (solvent A) and methanol (solvent B),
both acidified with 0.1% acetic acid. The separation gradient used is shown in Table 1:

Table 1. Separation gradient employed for the chromatographic separation.

Time (min)

7 9 18 20 25 30 32 38 40 50

%B

55

55 60 65 65 70 70 100 100 0 0

The solvent flow rate was 1 mL/min. The detection of capsaicinoids was carried
out through UV-Vis spectrophotometry, measuring these compounds at their maximum
absorption wavelength (280 nm).

The HPLC chromatograms were processed using DropView software (Version 1.1),
and manual integration was performed following well-accepted criteria applied to chro-
matographic methods [23].

2.4. Practice Organization and Timetable

Table 2 displays the tasks carried out during the two practical sessions, along with the
allocated time for each to achieve the set objectives. It also outlines the skills that students
should overcome and acquire.
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Table 2. Temporal organization of the contents developed in the practice along with assimilated
competencies.

TIMING (MIN)

CONTENTS COMPETENCES
30 60 90 120 150
SESSION 1
Brief introduction . Contextualization of the practice within a real analytical problem.
S o —- The student takes on a more active role in their learning and
ample weighing

begins to make decisions.
Safely handling chemical materials and developing laboratory
skills that will be essential for their future profession.
Cooperating with other students through teamwork.

Extraction procedure and
analysis by HPLC system

Identification of HPLC

. Consolidation of conceptual contents.
instrument parts

SESSION 2

Chromatogram integration
Identification and
quantification of capsaicinoids

Utilize tools and computer programs to process experimental
results.

Interpret data from laboratory measurements.
Apply critical reasoning, as well as theoretical and practical
knowledge, and learn to make decisions in the face of real
problems.

Compile and write scientific and technical reports.

Data interpretation and
conclusions. Analytical
problem solving

Report compilation

J

As can be seen in Table 2, the laboratory practice is divided into two sessions of 2.5 h
each. In addition, each session is divided into 15 min intervals to understand the temporal
organization of the tasks carried out within them.

- Session 1 (150 min): Sample collection, preparation, and treatment. The isolation and
separation of the compounds of interest from the sample matrix are prerequisites for
any analysis process and involve several stages, such as extraction, preconcentration,
and purification [24]. This laboratory session begins with an introduction to the
importance of sample collection and the extraction of the target analytes from paprika
prior to HPLC analysis. Paprika is a solid substance, so solid-liquid extraction is
necessary to make the target analytes (in this case, capsaicinoids) accessible for analysis.
Currently, there are many sophisticated solid-liquid extraction techniques. However,
by using magnetic stirring, a simple technique with equipment available in any
university laboratory, very realistic results can be obtained in a short period of time [25].
Students follow a general protocol for the experimental procedure, including the
parameters to be studied. They will assess different extraction conditions to ultimately
determine the optimal one. With the guidance of the professor, students have the
freedom to make some decisions, such as the quantity of the starting sample or the
volume of the extract to prepare. Once the extracts are prepared, students move on
to the HPLC equipment, where the instructor introduces them to the most important
parts of the equipment (type of solvents, column, pump, autosampler, degasser, and
detector) and the connection between them, and emphasizes the importance of the
analysis procedure conditions. A sequence is set up with all the students” samples
under various conditions for analysis;

- Session 2 (150 min): Analysis and interpretation of results. Students visualize the results
of their samples, for which they must integrate the obtained chromatograms. Once
the target analytes are integrated, students record the area data for each one. Next,
using the data provided by the instructor, they calculate the calibration curve using an
external standard and proceed to calculate the amount of spiciness obtained in their
samples. Students also have the data obtained by all the students, allowing them to
compare the optimal extraction conditions. Once these conditions are selected, they
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proceed to calculate the amount of spiciness provided by each compound, identifying the
predominant one and the total amount of capsaicinoids of the starting sample (mg/g).

2.5. Experimental Procedure

The practice script is given to the students, and they are paired up to carry out the
experiments. First, different conditions are optimized to determine which one is the most
suitable for extracting a greater amount of the compounds of interest (capsaicinoids). To
achieve this, two extraction solvents (water and methanol) and different temperatures
(0 °C, room temperature 20 °C, and 50 °C) are evaluated. All temperatures are controlled.
To maintain the temperature at 0 °C, an ice bath is used, while a heating plate is used to
reach 50 °C.

2.5.1. Step 1: Extraction of Capsaicinoids Using Magnetic Stirring

The sample preparation procedure is shown in Figure 1 and consists of the following
steps: 1-2 g paprika are weighed in a beaker using a precision balance (Figure 1A). Each
student records the weight, as the capsaicinoid concentration obtained will depend on
the amount of starting sample. Next, approximately 30 mL of solvent (water or methanol,
depending on the experiment) are added using a graduated cylinder. To initialize the
magnetic stirring extraction, a magnet is introduced, and the mixture is placed on a heating
plate for 10 min. It is very important to take into account the extraction conditions that will
be carried out to place an ice-water bath or a heating plate to control the appropriate tem-
perature (Figure 1B). Subsequently, to remove solid residues, gravity filtration is performed
in a 50 mL volumetric flask using a funnel and a conical or folded filter (student’s choice)
(Figure 1C). It is convenient to emphasize the importance of thoroughly rinsing the beaker
to prevent any sample loss that could lead to errors in the measurement. Once filtered, the
flask is filled to the mark with the same solvent used for the extraction. To prevent any
impurities that may clog the chromatographic column, it is necessary to filter the extract
using a 0.45 um diameter nylon filter (Figure 1D). For this, 2-3 mL of the extract are taken
with a syringe and filtered into a 2 mL chromatographic vial, which is labeled and placed
in the HPLC equipment’s autosampler for subsequent analysis.

(B)

Figure 1. Diagram of the experimental procedure followed by the students in the laboratory.

(A) Weighing of the sample; (B) extraction of the compounds of interest; (C) gravity filtration
of the extract; and (D) filtration using a syringe filter.

2.5.2. Step 2: Separation and Quantification of Capsaicinoids

First, the separated compounds are identified based on their retention time, using
prior knowledge from the instructors. The spicy flavor of peppers is due to a group of
molecules exclusive to these fruits, the capsaicinoids. They are acidic amides formed
from branched-chain fatty acids C9-C11 and vanillylamine [26]. Although more than
20 capsaicinoids have been found in peppers, the most predominant are capsaicin (C)
and dihydricapsaicin (DHC), representing around 90% of the total content. The rest is
mainly represented by nor-dihydrocapsaicin (n-DHC), homo-capsaicin (h-C), and homo-
dihydrocapsaicin (h-DHC). In Figure 2, the chemical structures of the five most abundant
capsaicinoids found in nature can be observed, which differ in the length of the carbon
chain and the presence of unsaturations [27].
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\AA\)\
W\)\ (DHC) Dihydrocapsaicin

H;C—-0O
U\ \/\/Y (n-DHC) nor-Dihydrocapsaicin

W (h-C) homo-Capsaicin
\/\/\/Y (h-DHC) homo-Dihydrocapsaicin

Figure 2. Structures of the main capsaicinoids identified in peppers.

(C) Capsaicin

The five major capsaicinoids identified in the analyzed paprika sample elute in the
following order: n-DHC, C, DHC, h-C, and h-DHC. These are relative non-polar com-
pounds because, despite having a phenol group in their structure, they have an aromatic
ring and a hydrocarbon chain. It is observed that, as the length of the aliphatic chain
increases, as in the case of h-C or h-DHC, the retention time also increases. This is because
the stationary phase (C18) is a reverse phase, so the higher the number of carbon atoms
in the side chain, the lower the polarity of the structure. Consequently, it is more retained
by the C18 column and takes more time for elution. Subsequently, the quantity of these
capsaicinoids is determined from the chromatogram obtained at 280 nm, which is the
wavelength of maximum absorption for this compound family (Figure 3).

496 v

400

\J“ n-DHC
T ...

ﬂ\ ¢ | DHC

h-DHC

|

88 100 113 125 138 150 163 175 188 200 213 225 238 250 263 275 288 300
Retention time (min)

75

Figure 3. Chromatogram of the most abundant capsaicinoids present in the pepper (n-DHC (nor-
dihydrocapsaicin), C (capsaicin), DHC (dihydrocapsaicin), h-C (homo-capsaicin), and h-DHC (homo-
dihydrocapsaicin)) obtained with the equipment used to conduct this laboratory practice.

For the quantification of the analytes, it is necessary to first develop a calibration curve.
Due to the difficulty and cost of obtaining standard substances for the capsaicinoids under
study, the instructors have previously prepared the calibration curve using an external
standard of nonivamide, a type of capsaicinoids not as abundant in peppers as the ones
studied but with similar characteristics. The data obtained for the calibration curve are
provided to the students and are shown in Table 3.
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Table 3. Data provided by the teaching group for the calculation of the calibration curve of the
nonivamide standard.

Concentration of Nonivamide (mg/L) Area (Signal)
4 68,373
10 237,451
40 1,011,445
100 2,702,310

After that, the students are required to calculate the calibration curve in the range
of 1-100 mg/L of spiciness through least squares linear regression. As this is an external
standard calibration, students can interpolate the value of the areas obtained in each case to
calculate the concentration of each of the capsaicinoids under different extraction conditions
in the starting sample, as well as the total capsaicinoids concentration (mg/g), which is the
goal of this practical exercise [28].

2.5.3. Step 3: Conclusions, Final Explanation, and Sharing of Results

The limited time in laboratory sessions prevents students from carrying out all experi-
ments in duplicate, and each student may not be able to perform all extraction conditions.
However, considering the importance of replicates in analysis, instructors put in common
the data obtained by all students. In this way, students have the information to calculate
the average value of the total capsaicinoid concentration alongside its standard deviation
under each condition, allowing them to assess the most optimal extraction condition. With
access to all the data, students must critically interpret the results, making decisions, such
as discarding any outlier, justified statistically.

Students must report the final value of the total capsaicinoid concentration (mg/g),
which is the overall objective of the practical exercise. To achieve this, they prepare a lab
report explaining the methodology they have followed, as well as a discussion of the results.
Additionally, in order to assess the assimilation of concepts related to the development of
the chromatographic method and the fundamental principles of chromatography, students
must answer some questions related to the laboratory session, which will be presented
below with the correct answer for each of them.

2.6. Teaching Strategies

Some considerations that need to be emphasized to the students during the develop-
ment of the practical exercise are as follows:

- Weigh between 1-2 g of the sample. Emphasize that it is not necessary to weigh a
fixed amount; what is important is to accurately record the weight taken for later
inclusion in the calculations. The capsaicinoid concentration will depend on the
initially weighed quantity;

- Measure the extraction volume with a graduated cylinder: This volume can be ap-
proximate; what is crucial is that, subsequently, the obtained extract is brought to an
exactly known volume for reference. This is why it is made up to the mark in a 50 mL
volumetric flask.

Moreover, some recommendations to be taken into account:

- Given the time allocated for the practice, students should start by using water as the
first solvent, as this process involves a longer filtration time, and finish with a hot
methanol extraction, as the cooling of the heating plate is a rather slow process;

- Monitor temperature very carefully to prevent boiling and solvent losses due to
splashing or evaporation, which could lead to errors in the analysis.
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2.7. Security Considerations

This practice does not involve exceptional safety measures. Students should use the
appropriate personal protection equipment: splash-resistant protective glasses, latex or
nitrile gloves, and a laboratory coat.

Spicy paprika is a common food; however, it is true that capsaicin, the major compo-
nent of hot peppers, is highly irritating if it comes into contact with the skin and eyes. So, if
that happens, it should be washed with plenty of water.

Methanol will be used in the fume hood due to the hazards defined in its labeling. It is a
liquid that can generate harmful and highly flammable organic vapors (H225). Additionally,
it is toxic if ingested, comes into contact with the skin, or is inhaled (H301 + H311 + H331).
Finally, it can cause damage to the central nervous system and visual organs (H370).

The waste generated in this practical exercise is limited to a small amount of leftover
extracts with methanol, which will be disposed of in the non-halogenated organic solvent
safety container. Filters with remnants of paprika can be discarded in the regular trash bin.

3. Results and Discussion

HPLC is commonly used as a successful tool for the separation, determination, and
quantification of biological compounds in a wide variety of complex matrices [29]. Addi-
tionally, it has become the dominant analytical technique for achieving rapid separations in
all industries, such as pharmaceutical [30], agrifood [31], environmental [32], and forensic
chemistry [33]. For this reason, chromatography is an important chapter within any degree
related to instrumental analysis or analytical chemistry, requiring students to acquire skills
for their future careers. In this section, the results of the laboratory practice, as described
and carried out in the Advanced Techniques in Instrumental Analysis course in the fourth
year of the Biotechnology Degree at the University of Cadiz, are presented. Specifically,
the results obtained by students during the years 2014 to 2022 are included, involving a
total of approximately 400 students. The two practical sessions, each lasting 2.5 h, have
been implemented to complement the knowledge acquired during the theoretical part
of the course. Each session has had a total of students ranging between 20-30 that have
been divided into pairs. Students had to prepare the sample, create a calibration curve,
analyze the samples, and interpret the final results. Below are the average results obtained
at different stages.

3.1. Obtaining the Optimal Extraction Condition

As mentioned earlier, the main goal is that students take a more active role. Therefore,
a real-world problem is presented: reporting the data on the total spicy content to label
the product. In this experiment, students explored the following extraction conditions:
water at room temperature, methanol at 0 °C, methanol at room temperature 20 °C, and
methanol at 50 °C. Due to the limited time in the session, not all students performed all
extractions. Instead, they were divided into two groups, with each group conducting
two extraction conditions. Thus, each condition was carried out by a total of 10, 12, or
14 students, depending on the number of students enrolled each year when the experiment
took place. All extracts were analyzed by HPLC. Subsequently, the results obtained by
the different groups were discussed to conclude which extraction conditions are the most
suitable for this type of analyte.

In the resulting chromatograms, several peaks were observed; however, only five of
them corresponded to capsaicinoids: n-DHC, C, DHC, h-C, and h-DHC. The remaining
compounds are sugar and other analytes that also absorb at 280 nm. As mentioned ear-
lier, the compounds were previously identified by the professors based on their retention
times, and students had access to this information. On the other hand, with the informa-
tion provided in Table 3 on the external standard, the students calculated the calibration
curve (y = 27403x — 50133, regression coefficient R? = 0.9996, LOD = 0.58 mg L}, and
LOQ = 1.30 mg L1). The negative value of the intersection of the axis on the calibration
curve means that a minimum analyte concentration is needed to be detected by the equip-
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ment. So, once the compounds of interest were identified, they proceeded to integrate the
peaks and apply the calibration curve they calculated the concentration of all capsaicinoids
under the different conditions. Based on the provided information, they selected only those
compounds from the chromatogram under study in this practical exercise. In this way,
they understood the importance of knowing retention times for compound identification
because, as mentioned, other analytes can also absorb energy at the same wavelength as
capsaicinoids. Table 4 displays the average results obtained by one of the practice groups
for each condition. Students were asked to fill in the table according to their group and
condition, and then a collective discussion of all classmate’s results was conducted. The
presented results are based on peak integration (areas).

Table 4. Experimental data generated by students for different extraction conditions.

Areas
Condition n-DHC C DHC h-C h-DHC
- 101,944 59,686 - -
- 102,353 54,591 - -
H,O - 93,256 10,035 - -
- 104,944 56,930 - -
- 102,472 58,216 - -
60,158 2,210,314 1,121,434 23,811 37,553
57,041 2,382,413 1,196,785 29,115 35,043
MeOH 0 °C 59,258 2,474,408 1,224,932 31,082 36,079
53,390 2,575,229 1,209,333 27,549 39,088
55,530 1,995,281 1,011,710 25,368 34,425
131,487 1,718,834 1,000,336 34,761 20,421
142,756 2,376,237 1,295,771 42,023 42,123
MeOH 20 °C 133,728 2,313,358 1,347,653 42,653 39,510
135,919 2,404,508 1,358,370 37,641 46,295
141,021 2,343,898 1,395,074 32,799 43,978
170,896 2,802,853 1,388,149 33,705 48,709
173,859 2,738,292 1,441,871 33,651 46,540
MeOH 50 °C 184,450 2,782,409 1,358,398 39,318 55,887
179,338 2,828,097 1,374,411 36,743 46,953
172,397 2,917,026 1,403,212 34,668 52,133

From the obtained areas and by interpolation on the calibration curve, taking into
account the initially weighed amount of paprika, the students determined the concentra-
tions of each capsaicinoid as well as the total concentration in the solid sample (mg/g)
under different extraction conditions (Table 5). It is crucial for each student to use their
injtial weight and recognize the importance of accurate weighing, as the total capsaicinoid
concentration depends on the quantity of the starting sample. At this stage, students also
grasp the significance of proper calibration curve usage and the importance of the final
data, which must be of high quality and interpretable for the client. They cannot, for
instance, directly report the data obtained from the calibration curve, as the quantity of the
starting sample and any stage in the entire analytical process can influence the result. If
done correctly, any stage prior to analysis should not interfere with or alter the final data.
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Table 5. Capsaicinoid concentration (mg/g) in the solid paprika sample for each of the extraction

conditions.
Concentration of Capsaicinoids in the Sample (mg/g)

Condition Weight n-DHC C DHC h-C h-DHC Total
1.0244 - 0.27 0.19 - - 047

1.0150 - 0.27 0.18 - - 0.46

H,O 1.0000 - 0.26 0.10 - - 0.36
0.9930 - 0.28 0.20 - - 0.48

1.1850 - 0.25 0.18 - - 0.44

1.0000 0.20 412 2.14 0.13 0.16 6.76

1.0030 0.19 4.42 2.27 0.14 0.15 7.19

MeOH 0 °C 1.0120 0.20 4.55 2.30 0.15 0.15 7.35
1.0006 0.19 4.78 2.29 0.14 0.16 7.58

0.9020 0.21 4.14 2.15 0.15 0.17 6.82

1.0090 0.32 3.19 1.90 0.15 0.13 5.71

1.0020 0.35 4.42 2.45 0.17 0.17 7.55

MeOH 20 °C 1.0120 0.33 4.26 2.52 0.16 0.16 7.44
1.0070 0.34 4.45 2.55 0.15 0.17 7.67

1.0530 0.33 4.15 2.50 0.14 0.16 7.29

1.0150 0.39 5.13 2.58 0.15 0.18 8.44

0.9990 0.41 5.09 2.72 0.15 0.17 8.56

MeOH 50 °C 1.0000 0.43 5.17 2.57 0.16 0.19 8.52
0.9999 0.42 5.25 2.60 0.16 0.17 8.61

1.0020 0.40 5.40 2.65 0.15 0.18 8.79

All students had access to their peers’ data to determine the optimal extraction con-
ditions for any compounds of interest. Prior to performing the calculations, they had to
identify if there were any outliers by applying the Q-Dixon test. To this end, they compared
the calculated Q with the tabulated Q, and in cases where Qcalculated > Qtabulated, they
rejected the data. A p-value less than 0.05 was set as statistically significant. The outlier
values excluded from the analysis are highlighted in bold in Table 5.

Based on the results obtained, students had to create a comparative graph of the
average (and standard deviation) concentration of each individual capsaicinoid for each
characteristic of the extraction method, using all the data from all groups (Figure 4). With
this, the students observed and discussed, using critical reasoning, which was the optimal
condition or the trend they followed. In doing so, they developed some of the aforemen-
tioned competencies, such as learning to interpret results through graphing, sharing results,
or using their own knowledge and critical reasoning skills to draw conclusions from the
obtained results.
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Figure 4. Average concentration of individual capsaicinoids for different extraction conditions.

After comparing and discussing the results, the students concluded that, regardless of
the extraction conditions, capsaicin was the predominant capsaicinoid, followed by dihy-
drocapsaicin, with the latter being approximately half the concentration of C. Furthermore,
as mentioned in the introduction, it was confirmed that both major capsaicinoids together
represent around 90% of the total concentration of capsaicinoids in the analyzed sample.
Finally, they observed that the other three capsaicinoids, n-DHC, h-C, and h-DHC, were
present in very similar concentrations (with n-DHC slightly higher than the other two) and
significantly lower than the major ones.

Finally, students were asked to create a graph with the average (and standard devia-
tion) concentration obtained under each extraction condition (Figure 5). In this way, they
confirmed that the total amount of capsaicinoids in the paprika sample analyzed by HPLC
ranged from 0.45 to 8.60 mg/g of the sample depending on the conditions.

=
o O
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Figure 5. Average concentration of capsaicinoids (mg/g) for different extraction conditions. Different
letters (a, b, ¢, and d) indicate the presence of significant differences between the conditions.

Through visual inspection, all of them noted that a smaller amount of capsaicinoids
was extracted with water compared to methanol. However, to make an objective compari-
son of the results and determine if there were significant differences between the use of
solvent and/or temperature, the students conducted an ANOVA, specifically the Student’s
t-test (p-value < 0.05), that supported the results statistically.
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Based on the results obtained, the students concluded that methanol extracts are better
at any temperature than water for any of the analyzed capsaicinoids, since the concentration
obtained is much higher. This is due to the high polarity of water compared to that of the
compounds of interest, which have an aromatic ring and a hydrocarbon chain in their struc-
ture [34]. On the other hand, they observed that, as the extraction temperature increases in
the case of methanol, the concentration of extracted capsaicinoids also increases. This is
because higher extraction temperatures accelerate movement, penetration, dissolution, and
molecular diffusion to promote the release of bioactive compounds [35]. Moreover, a higher
temperature also causes structural denaturing of proteins, e.g., cell-wall degradation, and
thus greater access to the contents of the cells. Based on the ANOVA results, the students
concluded that there were no significant differences between 0 °C and 20 °C, but there were
significant differences at 50 °C. Therefore, the optimal condition reported by the students
for the extraction of capsaicinoids was methanol at 50 °C, and thus, the final value reported
to the client was 8.58 = 0.13 mg/g.

3.2. Student Experience and Evaluation

The assessment of the learning situation was initially conducted with a series of
questions during the theoretical explanation to understand the students’ prior knowledge
and to build upon their existing understanding. Throughout the activity, this learning
process was also evaluated. At the end of the first day of practical sessions, the students
were gathered to receive an explanation about the HPLC equipment used. In this way,
they could physically see each part of the equipment they had been studying in the theory
class and become familiar with it. Furthermore, group discussion was encouraged to
support reflection on the results they expected to obtain based on the appearance of the
samples under each of the conditions and the polarity of the solvents and temperatures
used. At this point, the professor can identify if there are any misconceptions, for example,
if they understand the relationship between polarity and temperature with the color of the
vial and, therefore, with the amount of compounds extracted under each condition, the
importance of optimizing different conditions, how the separation and quantification of
compounds are carried out, or why it is necessary to know the exact initial weight of the
sample, which will be addressed to ensure full comprehension.

When all the content had been covered, in the second session, a final assessment
was requested in the form of a laboratory report, which helped reinforce the acquired
knowledge and was used to evaluate the learning objectives. In this report, students were
required to process all the data and engage in a critical discussion thereof. Additionally,
they had to answer a series of questions to assess whether they had correctly understood
the foundation of the practice and the concepts under study. The report grading heavily
relies on the analysis and interpretation of results, enabling the drawing of conclusions
from the analytical data obtained.

The questions they had to answer in the report, along with their correct responses
were as follows.

Q1. What effect does the extraction solvent have on the extraction of capsaicinoids?
Explain the values observed as a function of the polarity of the analytes studied and the
extraction solvents used.

The main objective of using the solvent in extraction is to release the analytes of
interest contained in the sample, thus obtaining the analytes in solution for subsequent LC
analysis. Depending on the nature of the solvent, a higher or lower concentration of these
analytes will be obtained. Capsaicinoids are considered analytes of intermediate polarity
because they have both polar and nonpolar components. For a successful extraction, it
is necessary for the solvent used to have a polarity similar to that of the analyte to be
extracted. The solvents used in this practice are methanol and water. Based on the results
obtained, it is observed that methanol extracts a greater amount of capsaicinoids compared
to water because it has a polarity more similar to that of the analyte under study. Both
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are polar solvents; however, water, being more polar, will have less affinity for less polar
capsaicinoids, resulting in a poorer extraction.

Q2. What effect does the extraction temperature have on the extraction of capsaici-
noids? Justify the answer.

In the experiment, extractions were carried out at different temperatures: 0, 20, and
50 °C. Observing the results obtained, the efficiency of the extraction increases with temper-
ature, meaning that higher temperatures result in higher concentrations of capsaicinoids.
This is because, as the temperature increases, both the extraction rate and the solubility
of the analyte in the solvent increase, facilitating its extraction. However, it should be
noted that excessive temperature increase can lead to degradation of the analytes and/or
evaporation of the solvent.

Q3. What type of column have you used? Why? Comment in this regard, the solvent
used in the separation, as well as their elution order.

In this chromatographic analysis, a C18 column has been employed, as the work
is performed in reverse phase, meaning that the column used in the extraction as the
stationary phase is nonpolar, and the mobile phase eluents are polar (water and methanol,
both acidified with 0.1% acetic acid).

For effective elution, the order in which solvents are added should be water first
because it has a polarity more different from the stationary phase, and later methanol
gradually, as its polarity is more similar to the stationary phase. The solvent, depending on
its polarity, will carry those analytes with more affinity for it through the column faster,
allowing the separation of different analytes based on their retention time on the column.
Since water is more polar, analytes with a higher polarity (greater affinity for the solvent)
will be carried out through the column first, and after adding methanol, analytes with a
lower polarity begin to elute. More apolar compounds will remain retained on the column
for a longer time due to hydrophobic interactions because of their greater affinity.

Q4. Indicate the type of elution used in the chromatographic separation and represent
it graphically (Y%omethanol vs. time). In view of the graph, make comments on it (ramps,
periods in isocratic, column washing, column conditioning, etc.).

For the separation of the target capsaicinoids present in the sample, a gradient chro-
matographic separation method has been employed (Figure 6).

0 2 7 9 15 18 20 25 30 32 38 40 50
Time (min)

Figure 6. Graphical representation of the chromatographic gradient used for the separation of the
target capsaicinoids present in the paprika sample.

Through the graph, it can be observed that the elution of the sample occurs during the
first 32 min. Within this time frame, there are four isocratic periods, moments when the
solvent concentration remains constant (slope 0): from minute 2 to 7 (55%), minute 9 to 15
(60%), minute 18 to 20 (65%), and minute 25 to 30 (70%). After this, the column-washing
phase begins until minute 38, reaching 100% methanol to ensure the complete elution of any
remaining analyte in the column. Subsequently, the methanol concentration is decreased
to 0% to return to the initial conditions, resulting in column conditioning until minute 40.
Finally, from minute 40 to 50, column equilibration takes place to prepare the equipment
for the injection of the next sample.

Q5. Why was a small amount of acetic acid added to the solvents?

Adding a small amount of acetic acid prevents the deprotonation of the analytes
of interest (the hydroxyl group tends to deprotonate, potentially resulting in different
conformations if the pH is not appropriate due to the release of a proton). In this way,
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splitting of the analyte peaks in the chromatogram is avoided due to the equilibrium that
would occur between the protonated and deprotonated forms.

All students answered all questions proposed and passed the experimental reports
submitted; in fact, over 95% of the students received grades higher than 7 over 10 in all cases.
This indicated that they all had understood the main objectives of the practice correctly,
namely the most important chromatographic concepts and the influence of parameters on
the extraction of bioactive compounds of interest. The main mistakes detected were related
to data interpretation, as certain students failed to recognize outliers. Consequently, the
resulting outcomes were inaccurate, leading to flawed conclusions regarding the optimal
conditions. Finally, it is worth noting the fact that the analytical results obtained agreed
with the known value of the sample that was also evaluated, that is with the value that
appeared on the labeling of the commercial container of spicy paprika (it is very important
to take into account that the content of these compounds can be affected by several factors,
including genotype, water availability, light, temperature, climatic and growth conditions,
cultivation techniques, or maturity stage). Once this was demonstrated, in addition to
having carried out the practical situation correctly, they knew how to process the collected
data to obtain the analytical results. This feedback indicated that the learning objectives
and instructional goals were met.

The results of this laboratory practice reinforce the importance of experimental work
carried out in teaching laboratories, as they play a fundamental role in the construction of
scientific knowledge. Well-designed laboratory practices provide an excellent opportunity
to establish connections between theory and practice, that is, the real-world application of
chemical science [36]. A dual approach (classroom learning alongside laboratory exercises
with real-world problems) provides students with a deeper understanding of the practical
utility of multiple analytical techniques for solving real-world problems during chemical
analysis. Laboratory sessions allow students to reinforce theory directly through experience
and develop conceptual depth. However, often due to a lack of time or the availability of
materials, it is not easy to design a practice where students have some freedom and can
put into practice the abstract concepts studied theoretically with their own experimental
results, making them more concrete and visual [37].

Given a lower instructor-student ratio and a less formal environment, the laboratory is
a conducive place for learning and provides opportunities for students to practice behaviors
like scientists, such as asking questions, analyzing and interpreting data, or constructing
explanations [38]. Furthermore, the informal atmosphere and smaller number of students
allow them to feel freer for social interaction, both among themselves and with the professor,
and less intimidated when asking questions, resulting in healthier learning and a more
meaningful understanding of scientific concepts [39]. Therefore, it is important to leverage
this environment so that students take a more active role in their decisions, truly fostering
their skills, and not merely following established protocols.

This type of unsupervised laboratory practical exercise (meaning student-led but
with the availability of a professor for any questions or needs), in addition to solidifying
the theoretical concepts covered in class and acquiring technical skills, is a valuable tool
for stimulating the acquisition of students’ critical thinking skills, problem identification,
and problem-solving abilities that mimic real-life challenges. These exercises can foster
increased motivation, interest, and self-confidence, leading to improved performance.
They also contribute to the development of scientific attitudes and the innovative spirit of
students in their future careers [40].

However, the main limitation of implementing this practice in any university labo-
ratory is time, as it is a rather complex technique that encompasses many aspects, thus
requiring a focus on the most important fundamentals. Additionally, there is the acquisition
and maintenance of chromatography equipment, which can be costly, and the complexity
of the technique for students with little experience.

The laboratory sessions presented in this article serve as an example of how a classic
and robust tool, which has been used for a long time in the (bio)chemistry laboratories of
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many universities, can be ‘reformed’ by considering the principles of interdisciplinary and
research-based learning approaches [41]. One of the competencies related to Sustainable
Development Goals (SDGs) in this course involves critically contextualizing knowledge,
and establishing interrelations with social, economic, and environmental issues. Thanks to
this simple laboratory practice, the proposed premises are fulfilled, including the minimal
preliminary preparation required, the analysis of a sample commonly consumed today, cost-
effectiveness, low generation of waste (only small aqueous samples are used), calibration
with different types of standards, short analysis times, and low solvent consumption [42].
Additionally, this practice promotes the use of instrumental analysis that aligns with current
sustainable development goals, thus contributing to the establishment of what Agenda
2030 outlines as Education for Sustainable Development [43], promoted by the Conference
of Rectors of Spanish Universities. More specifically, this practical session has fostered the
development of transversal competencies, such as critically contextualizing the knowledge
to be acquired, thereby establishing social interrelationships and also the sustainable use of
resources in preventing negative impacts on the natural and social environment. All these
features make the current HPLC protocol for quantifying capsaicinoids in paprika sam-
ples an environmentally responsible technique for analytical chemistry and instrumental
analysis laboratories and suitable for both individual and collaborative work.

4. Conclusions

Based on the results obtained, it can be concluded that the proposed practice, aimed
at reporting the total spicy-content data to label a batch of spicy peppers, satisfactorily
meets the objectives and competencies pursued in an instrumental analysis practice. It is a
simple, short-duration, low-cost practice that allows students to apply and complement
the theoretical knowledge acquired.

The implemented methodology represents a successful approach, as it allows students
to gain a better understanding of liquid chromatography applied in analytical measure-
ments starting from a real-world problem. The fact that they had to work through the
different stages of the analytical process, from problem identification and sample collection
to the final result, has helped them contextualize and gain a holistic view of the importance
of instrumental analysis. Furthermore, it has fostered the acquisition of competencies, such
as the importance of critical data analysis, strengthening the assimilation of concepts, and
applying theoretical knowledge to the analysis of a commercial product. On the other
hand, the low generation of waste has allowed contextualizing the economic, social, and
environmental issues pursued with the SDGs (Sustainable Development Goals).

These significant pedagogical aspects were confirmed through the evaluation of the
laboratory reports, where students achieved the competencies established for this proce-
dure, with grades higher than seven in all cases. Finally, by working in groups and sharing
common objectives, the students learned firsthand the benefits of teamwork, which is often
a necessity in scientific research.
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