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Abstract: Current higher education trends are moving towards interdisciplinary curricula to provide
new tools for solving complex issues. However, course design and learning tracks still create divisions
between scientific disciplines. This study aimed to evaluate the disciplinary bias of second-year
undergraduate students of biotechnology engineering in the organic chemistry laboratory class
through a laboratory setting involving blended disciplines. An experiment on antibiotic discovery
that integrates parallel and combinatorial organic chemistry syntheses with microbiology techniques
was chosen. As a part of an activity, students had free choice in designing the arrangement of the
organic compounds and the two bacterial species by setting up the layout for a 96-well plate. The
study visually analyzed students’ plate layouts (1 = 74) according to discipline classification and
the spatial arrangements of organic compounds (e.g., products and libraries). The results identified
four themes that are suggested to reflect students’ vertical, lateral, and interdisciplinary thinking,
as most were found to be in the procedural knowledge range and between Bloom’s application and
analysis dimensions. Using this study’s thematic analysis methodology in chemistry and related
educational fields can provide a pedagogical reflective tool and advance personalized teaching
and interdisciplinarity.

Keywords: autonomous learning; hands-on learning; thematic analysis; interdisciplinary; laboratory
instruction; STEM; higher education

1. Introduction

Most current scientific research is concentrated on solving real-world problems. These
types of problems are complex and approaching them requires interdisciplinary knowl-
edge, critical thinking, data analysis, and diverse solutions [1]. Applying such skills in
Science-Technology-Engineering-Mathematics (STEM) involves a shift from the traditional
physics paradigm of science, focused on separating disciplines, to an engineering paradigm
of science that dictates a change in engineering education and the training of future sci-
entists [2]. The change is reflected in cross- and inter-disciplinary perspectives, teaching
metacognitive skills, and producing metacognitive scaffolds (i.e., conceptual frameworks
in the teaching process) [3]. This change in the teaching paradigm parallels with new edu-
cational concepts of autonomous, relevant, self-directed learning, focusing on the learners
and their ability to self-direct and reflect [4].

Even though current biotechnology engineering programs are multidisciplinary, their
learning programs and curricula are still fragmentized and divided with traditional
paradigms at their base [3]. This translates to an artificial division as learners become
acquainted with various disciplines separately and are required to make the interdisci-
plinary combinations only towards the end of their studies in their final projects and
internships. It is assumed that improving metacognitive skills will provide a sound basis
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for undergraduate students’ learning and professional future through the introduction of
blended disciplinary learning activities. However, there are obstacles to overcoming this
challenge in building such activities that produce interdisciplinary learning in practice [5,6].
While plenty of research can be found focusing on motivation [7], self-reported student
engagement [8], the teaching array, and technical details in the pedagogical framework [9],
there is a lack of emphasis on assessing the cognitive change toward interdisciplinarity.
To this end, it is necessary to evaluate students’ disciplinary cognitive and psychological
biases [10] and analyze their thinking on more than one disciplinary scale from a macro
perspective, not solely relying on self-report.

Laboratory class is considered an excellent platform for building interdisciplinary
connections between new subjects and previous knowledge in chemistry, biology, and other
majors, following relevant examples from actual research [11-15]. For example, the subject
of antibiotics integrates organic synthesis with drug discovery strategies and microbiology
science [16—18]. Moreover, the increase in incidents of resistance to antibiotics and the
emerging number of infectious diseases highlights the need for continuous and ongoing
efforts to discover new antimicrobial agents [19-21], and accordingly, to prepare students
with the appropriate skills for work on interdisciplinary topics.

Hydrazone compounds are known for their antibiotic properties [22,23] and com-
monly are synthesized by a condensation reaction between aldehyde and hydrazine. The
reaction goes to completion after a few minutes without using additional reagents. Usually,
no further purification and isolation steps are required for the characterization of the an-
timicrobial activity. Therefore, the synthesis of hydrazones and screening of their antibiotic
activity have been found to be suitable for teaching the concept of combinatorial chemistry
and its application in antibiotic discovery [24] as published previously by S. E. Wolkenberg
and A. L. Su [25] and in the article by C. J. Nichols and L. F. Hanne [26].

In the current study, the antibiotic discovery experiment utilized the experimental
setup of a 96-well plate, widely used in both academia and industry on a daily basis.
This elegant and efficient technique for examining the potential anti-bacterial activity of
compounds is used instead of the agar plate (Petri dish) method. It allows the introduction
of two experimental units described by different drug discovery methodologies, namely
parallel versus combinatorial organic chemistry syntheses. In addition, the implantation
of a 96-well plate enabled a visual interdisciplinary representation of both chemical and
microbial designs as can be shown through the different geometric arrangements of the
organic compounds and the types of bacteria. Investigating the plate layouts planned
and created autonomously by students can be used as a new reflective tool for students’
interdisciplinarity understanding skills.

This research is a case study correlating students’ experimental design choices to elicit
and analyze their disciplinary bias; the insights into their varying thinking schemes will
be discussed.

2. The Antibiotic Discovery Experiment

In the experiment, students of the Organic Chemistry Lab course synthesized hydra-
zone derivatives (Scheme 1). The experimental procedure used three aldehydes (A1, A2,
and A3) and three hydrazines (H1, H2, and H3) to prepare a matrix of hydrazone products
(the compounds labeled P1-P9). The chemical structures are shown in Appendix A. The
nine individual products are yielded by parallel synthesis as described in Table 1. These
hydrazone syntheses can also be utilized for a combinatorial strategy, in which the libraries
(mixtures of compounds) are obtained by appropriate quantitative combinations of aldehy-
des (A1, A2, and A3) with hydrazines (H1, H2, and H3), as described in Table 2. Each library
contains a different combination of three hydrazone products. The hydrazone libraries
L1, L2, and L3 are prepared by mixing each aldehyde (A1, A2, or A3) with a mixture of
three hydrazines (H1, H2, and H3). Similarly, libraries L4, L5, and L6 are prepared by
mixing each hydrazine (H1, H2, or H3) with a mixture of three aldehydes (A1, A2, and
A3). A deconvolution process is applied to identify the antibacterial compound in the
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libraries [25]. Detailed student handouts, notes for instructors, and required materials are
provided in Supplementary Materials.
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Scheme 1. Condensation reaction between aldehydes (Al, A2 and A3) and hydrazines (H1, H2
and HB3) to yield hydrazone derivatives products (P1-P9). The chemical structures are shown in
Appendix A.

Table 1. The preparation matrix of the studied hydrazone products P1-P9 2.

Al A2 A3
H1 P1 P2 P3
H2 P4 P5 P6
H3 p7 P8 P9

2 Parallel procedure involves nine separate syntheses. The nine compounds of hydrazone products are tested
individually in separate wells.

Table 2. The combinations of starting materials yielded compositions of hydrazone libraries L1-L6 2.

Library Label Library Content Starting Materials
L1 P1, P4, P7 Al H1 H2 H3
L2 P2, P5, P8 A2 H1 H2 H3
L3 P3, P6, P9 A3 H1 H2 H3
L4 P1,P2,P3 H1 Al A2 A3
L5 P4, P5, P6 H2 Al A2 A3
Lé P7, P8, P9 H3 Al A2 A3

2 Combinatorial procedure involves six separate syntheses. The six libraries are tested as mixtures of three
hydrazone compounds in one well. The deconvolution process identifies the antibacterial product by finding
the cross between libraries showing antibacterial activity. For example, the product P8 is obtained by the cross
between L2 and L6 libraries.

This lab experiment was implemented in the Organic Chemistry Lab course, which was
held parallel to the Organic Chemistry 2 and Microbiology courses. Participating students
are familiar with aldehyde reactions and have experience with classical microbiology
techniques. The lab experiment has three stages: Pre-Lab, Lab-Work, and Post-Lab.

Pre-Lab. The stage comprises three parts. (1) In class meetings of 1 h conducted 10 days
before the Lab-Work stage. Students were introduced to the principles of combinatorial
synthesis, followed by a template of the experimental layout of the 96-well plate (Figure
51, Supplementary Materials). These included details concerning the nine products, six
libraries, two bacterial species, each test with duplicates and controls, and defining the
parameters and the basic structure of the two experimental units. Students were also intro-
duced to the multichannel pipette work procedures. (2) Students were required to prepare
a Pre-Lab report, including an autonomous assignment to propose a 96-well plate layout
defining the lab experiment objective, the materials, and a visualization of the procedure’s
steps (Student Handout Part A, Supplementary Materials). (3) In an in-class meeting of 1 h
conducted 2 days before the Lab-Work stage, students were required to explain orally their
experimental design layout of a 96-well plate. This lead to a class discussion, provided
a learning feedback cycle, and opened up the dialogue around microbiological tools in the
organic chemistry lab.

Lab-Work. This stage was conducted in one session of 3 h. The students performed the
experiment according to their choice of design layout for a 96-well plate. Hydrazone
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synthesis and antibiotic screening procedures are described in Student Handout Parts B
and C, Supplementary Materials.

Post Lab. After 24-48 h of incubation, bacteria growth results were collected and presented
as described in Student Handout Part D, Supplementary Materials. Finally, students were
asked to analyze and evaluate their results. The requests for Post-Lab reports are described
in Student Handout Part E, Supplementary Materials. This stage used an additional
assessment component to evaluate student interest, engagement, and comprehension.

3. Materials and Methods
3.1. Context and Participants

This laboratory experiment was carried out by second-year undergraduate students
in the obligatory Organic Chemistry Laboratory course that fulfills core curriculum col-
lege requirements for the biotechnology engineering study program practiced since 2016.
Although the experiment involves simple lab techniques, an understanding of the experi-
mental setup is required. The study was carried out from the fall semester of 2022 to the
end of the fall semester of 2024. The 96-well plate layouts describing the experimental
setup produced by the students were used for analysis and evaluation.

3.2. Research Question

The research question stemmed from the hypothesis that students’ experimental
designs revealed their bias about the chemistry and microbiology disciplines and led to the
following research question: What can be learned about students’ disciplinary bias from
their choices in designing a free-choice laboratory learning?

3.3. Research Design

A qualitative research methodology was used under the constructivist research paradigm
as it explores a phenomenon appearing within a specific context [27]. The research itself
was an exploratory case study. Employing the case study approach stemmed from the
uniqueness of the specific course and the large body of data that could only be analyzed
qualitatively [28]. The existence of a hypothesis concerning the data obtained through
the course led to an exploratory approach [29], which can also serve as an educational
context [30].

3.4. Research Instrument and Data Collection

The main research instrument was the template design of the 96-well plate along
with supporting student explanations regarding the considerations leading to the design
(Student Handout Part A, Supplementary Materials). The students presented the template
design in the Pre-Lab stage, along with a written explanation relating to their considerations.
In addition, students related to their designs during the Lab-Work and the Post-Lab stages.
A total of 74 layouts containing plate designs and reflections were obtained and used for
the analysis.

3.5. Data Analysis

Credible data analysis in using a constructivist paradigm qualitative approach re-
quires prolonged engagement by the researchers with the data and their interpretation by
triangulation that includes a comparison of diverse theoretical perceptions in addition to
the data [28]. To extract information from 74 student designs, Braun and Clarks’ phases for
thematic analysis were employed [31]. This methodology is a flexible analysis system that
identifies and categorizes patterns (themes) within a data set. It can be applied in various
theoretical frameworks, and the researchers hold an active role in identifying and selecting
the themes of interest and reporting them. This flexibility in implementation makes it
a useful tool in this research as it employs qualitative data analysis in a non-traditional
qualitative analysis data set. The guiding principle behind this type of analysis is to view
the accumulated data to discover what information can be derived from it. The first stage
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is for the researchers to familiarize themselves with the data. The aim is to be immersed
within the data to identify patterns. Unlike the traditional use of this methodology in
a textual data set, this stage was performed visually. This stage leads to the second phase,
in which initial codes are produced, categorizing the interesting aspects and characteristics
of the different patterns. The third stage is naming the potential themes and interpreting
the initial coding. The fourth stage reviews the hypothesized themes and checks if they are
supported by the data within the theme and the total data accumulated. The fifth stage
consists of naming and defining the themes, followed by the last stage, which is to report
them. Implementing this methodology in this study over a mostly visual data set required
a few adaptations.

Initially, the designs were viewed to identify repeating patterns (Figure 1). As this was
a non-textual design, patterns were identified visually. The resulting patterns were firstly
a separation of the materials or the bacteria, vertically or horizontally. Hence, the initial
coding was for materials and bacteria separation (i.e., a disciplinary divide). The resulting
themes were further classified visually for patterns, mainly horizontal or vertical designs,
which were again categorized, named, and interpreted. In this phase, the interpretation
consisted of both analyzing students’ reflections as well as the lecturer’s input regarding
the methods employed by them.

. Plate layout
(1) Data collection Y
(2) Pattern classification according to discipline
(3) Discipline codes Materials Bacteria
(4) Pattern classification according
to arrangement of products and
libraries
Theme 1 J Theme 2 Theme 3 l J Theme 4
Materials in L Bacteria in .
oL Materials in Bacteria in
(5) Themes categorization squares and squares and
rows rows
columns columns
(6) Interpretation
(7) Conclusions Lateral Vertical
thinking thinking
 —

Figure 1. Thematic analysis of students” 96 well-plate designs.

4. Results

The lab experiment, utilizing a 96-well plate accessory, enables lecturers to give
students a degree of freedom in designing their experiment setup. The students have to
consider multiple experiment parameters, including products (individual compounds),
libraries (mixtures of compounds), bacterial species, controls, and replicants.

The consequent assortment of the layouts of 96-well plates (Figure 2) serves as
a database for analysis in the current study. The chemical design focus was on separating
the products and libraries, whereas the microbiology design revolved around separating
the bacterial species. The first of which, classified as material-oriented, shows plate designs
created from a chemistry perspective (Figure 2a,b). As can be seen, the plate was divided
into products and libraries and then subdivided according to the bacterial species. The
second classification focuses on bacteria separation and was classified as bacteria-oriented,
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accordingly (Figure 2¢c,d). The plate arrangement features a divide into two halves based
on bacteria species i.e., Escherichia coli (E. coli) and Bacillus cereus (B. cereus). Each half
contained both products and libraries. The 74 plate layouts reviewed yielded 42 Materials
and 32 Bacteria classifications (Figure 3a). These discipline codes’ divide reflects stage 3 of
the thematic analysis (Figure 1).
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a chemistry viewpoint focused on separating the materials between libraries and products. (¢,d) The
bacteria-oriented arrangement shows microbial considerations separating the plate between bacteria.
The black and red font colors represent bacterial species E. coli and B. cereus, respectively. Note: the
visual arrangement of products and libraries (a,c) in squares and columns and (b,d) in rows.

The next stage, pattern classification, added a dimension relating to the visual ar-
rangement of products and libraries in each of the two previous ones (i.e., materials- and
bacteria-oriented). Both classifications share three common visual elements: square, col-
umn, and row (Figure 2). The square pattern describes the product (P1-P9) preparation as
a 3 by 3 matrix, according to Table 1. The column pattern describes the libraries’ (L1-L6)
preparation according to Table 2. The row pattern shows the products P1-P9 and libraries
L1-L6 on the plate according to their ordinal numbering following the plate numbering
of 1-12. The various combinations of the three visual elements resulted in four themes
named (1) materials in squares and columns, (2) materials in rows, (3) bacteria in squares
and columns, and (4) bacteria in rows (Figures 1 and 2).
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Figure 3. Classifications of plate layouts (1 = 74). (a) Number of students categorized following
theme analysis. (b) Percentage of students taking disciplines and visual considerations.

Students’ explanations and reflections regarding their design choices were reviewed
to interpret the themes obtained. Samples of supporting quotes are arranged according to
the themes and provided below.

Theme 1—materials in squares and columns (presented in Figure 2a): Students relate to the
preparation of the product as a whole following the product matrix in Table 1. The focus of
students is on the methodology of the materials preparation.

“This way, it will be easy to differentiate between the products and libraries”;
“The products are arranged according to the preparation protocol and the Eppendorf
arrangement on the stand”;

e “a 6-in-a-column arrangement will be suited for using a multichannel pipette for
inserting the bacteria”.

Theme 2—materials in rows (presented in Figure 2b): Students focus on the material
insertion process as they relate to plate numbering as assistance and enhancement of
convenience.

e “Following the numbering will help avoid confusion”;
o  “We arrange it like this for the convenience of using the multichannel pipette”.

Theme 3—bacteria in squares and columns (presented in Figure 2c): The focus of students
is on both separating bacteria and preparation of the materials. Therefore, some quotes
reflected the ideas expressed in Theme 1. The quotes presented below are those that added
biology-related considerations.

e “...not to get confused between the bacterium types”;

e “Each half is designated for one bacterium type to avoid contamination”;

e "It will be easier to interpret the results when each bacterium’s effect is shown sepa-
rately”.

Theme 4—bacteria in rows (presented in Figure 2d): The focus of students is on separating
the bacterial species along with an emphasis on the material insertion and following the
plate numbering for convenience.

e “We choose this arrangement to have a more convenient separation between the
bacteria and in order to prevent confusion when arranging the products.”;
“This arrangement is very convenient for the insertion.”;
“This arrangement enables us to remember where we stop. . .the products and libraries
numbers match the numbering on the 96-well plate.”.
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Figure 3 summarizes the results of this study that visually analyzed students’ plate
layouts (n = 74). Figure 3a shows that Themes 1, 2, 3, and 4 reflected 34, 8, 18 and 14 designs,
respectively. The correlation between the disciplines to visual elements revealed in Figure 3b
presents that (i) 57% of students showed chemical disciplinary (Materials) orientation and
43% of students showed microbiological disciplinary (Bacteria) orientation. (ii) A total of
70% of students’ designs were of Themes 1 (46%) and 3 (24%) and focused on material
preparation. (iii) A total of 30% of students’ designs were of Themes 2 (11%) and 4 (19%)
and focused on the convenience and technical aspects of material insertion.

Among the designs, there were two outstanding plate designs showing a library
composition matrix as displayed in Figure 4. The first design divided the plate into four
parts, each containing a matrix composed of libraries and products as shown in Figure 4a.
The second design turned the 3 by 3 product matrix (Table 1) so that the aldehyde is in the
column and the hydrazine is in the row (Figure 4b). This design creates a correlation only
between the products and L1, L2, and L3. The students explained their choice by saying
that “this array was most effective because it enabled them to see the active compound
clearly”. These layouts simplified the deconvolution process, resulting in a clear analysis
and showing student design focus stemming from the result analysis perspective.
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Figure 4. Schematic illustrations of distinctive plate layouts showing the correlation between the

. bacteria: E. coli or B. cereus

products and libraries. (a) A matrix composed of libraries and products, all correlating. (b) Libraries
L1, L2, and L3 correlate with the products. The black and red font colors represent bacterial species:
E. coli and B. cereus, respectively.

The antimicrobial activity was visualized and analyzed after 24—48 h of incubation
(Figure 5). Clear liquids were obtained in the wells of the compound P8 (called guanofu-
racin) due to its inhibitory effect on bacterial growth [32,33]. A similar effect was observed in
the wells of the L2 and L6 libraries, which contained the compound P8 (Table 2). Figure 5a,b
corresponds with Themes 1 and 3 and how they relate to the way students synthesized the
products in a matrix form (Figure 5¢). Respectively, Figures 5d and 5f display Themes 2 and
4 as students planned the synthesis of the hydrazone derivatives (P1-P9) ordinally in line
(Figure 5e) and mirror-sampled it directly onto the 96-well plate. Hence, we can deduce the
connection between the thinking scheme guiding the Pre-Lab product preparation plan
and the resulting themes in the plate design; i.e., the thinking schemes dictate the design
considerations throughout the lab experiment.
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Figure 5. Bottom view of the 96-well plate screening results after 24 h of incubation (the dashed
lines represent the series of products and libraries; each color represents a different bacterial
species). The 96-well plate designs correspond with (a) Theme 1—materials in squares and columns,
(b) Theme 3—bacteria in squares and columns, which relate to (c) the product (P1-P9) square of 3
by 3 Eppendorf tubes that represents the 3 by 3 matrix preparation, (d) Theme 2—materials in rows,
(f) Theme 4—bacteria in rows which relate to (e) the in-line ordinal hydrazone (P and L) preparation.
Note: photograph (e) presents the color of the hydrazone products (P1-P9) and libraries (L1-L6).
Each Eppendorf tube P1-P9 contains one product, and each Eppendorf L1-L6 contains one library of
three products.

The lab experiment ran smoothly, and students showed competence in carrying out
the experiment effectively and safely, organizing and collecting data, and analyzing their
results. Students also shared that they acquired new knowledge and skills in antibiotic
discovery and that this lab enabled them to examine the connections between organic
chemistry and microbiology while developing multidisciplinary skills. Some students
failed to explain their proposed arrangement of the 96-well plate. When encouraged to
reflect on the reasons for this failure, they expressed frustration over the requirement to
create a ‘free’ experimental design without more concrete guidelines. Technical errors
might be expected due to the lab inexperience of undergraduate students (Notes for the
instructor and required materials are provided in the Supplementary Materials).

5. Discussion

A hands-on laboratory experiment focusing on an authentic, familiar topic, such as
antibiotic drugs, triggers engagement and interest in learners [34-36]. However, this in-
terdisciplinary subject evokes a complexity expressed through all the experiment stages
(i.e., design, performance, and analysis). In addition, cognitive obstacles can stem from
lecturers holding disciplinary biases that are expressed in their teaching and analysis as
demonstrated in other disciplines [37]. To address and overcome the experiment’s complex-
ity and to facilitate students” understanding, the experiment employed the 96-well plate
design, which allowed the deconstruction and categorization of the experimental design
components. The deconstruction was assisted by adding visual elements such as color
coding, geometric forms, and patterns, which have been shown to increase learning [38—40].
This deconstruction approach enables science educators to improve their teaching and
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instructional design [41]. It also enabled the intuitive reconstruction of an autonomous
experimental design and the activation of students’ individual presuppositions through
a highly visual reconstruction process [42].

The main challenge presented in this case study was the assessment of students’ disci-
plinary thinking schemes through the construction of an interdisciplinary learning activity
and the development of methodological tools for the task [43]. The first stage in the analysis
identified a disciplinary divide between chemistry and microbiology expressed in students’
designs. The divide was fairly even between chemistry (57%) and microbiology (43%)
orientations (Figure 3b). Although the lab experiment is under the Organic Chemistry
Laboratory course, the findings show that some students can use microbiology knowledge
and tools given to them in a microbiology course during the same semester. To further
understand students’ thinking leading to this divide, the next stage of the analysis was
held to review students’ design choices according to products and libraries arrangement.
The resulting themes reflect students’ chemical understanding and biological knowledge as
well as their interdisciplinary thinking capacity. These three learning components are best
expressed in Theme 3, which combines efficient material preparation along with microbi-
ological considerations. Theme 1 maintains the efficiency of the synthesis methodology.
However, microbiology is present as a tool serving the chemical outcome; hence, it does
not affect the design as there is no separation between the bacterial species. The students in
Themes 2 and 4 exhibited another consideration that is detached from the chemical syn-
thesis. The detachment was expressed in their perception of the experiment as a reactions
list rather than a parallel synthesis type. The outcome was a row linear representation fol-
lowing the ordinal plate numbering of the products and libraries. However, Themes 2 and
4 differ, as Theme 4 still withheld the microbial learning element and showed separation
between the bacterial species.

The interpretation of the row vs. square type arrangements of the products shows
two distinct approaches on the part of the students. Students who arrange the products
in rows (Themes 2 and 4) see each product synthesis as standing alone. Therefore, the
preparation of the nine individual products is performed sequentially and represented
in a row following the plate ordinal numbering. In comparison, students who arranged
the products in squares (Themes 1 and 3) perceived the nine individual products as a set
of chemical reactions that reflects their common denominator. As a result, their prepara-
tion was performed in the form of a matrix, which enabled them to synthesize all nine
products simultaneously, showing an understanding of Table 1. The differences between
the arrangements and approaches suggest two thinking types discussed in pedagogical
literature: vertical and lateral thinking [44].

The four themes can be ranked based on higher-order thinking and interdisciplinary
considerations presented in students’ plate designs, along with the revised Bloom’s Taxon-
omy described in detail by Krathwohl [45]. It combines Bloom’s taxonomy with a knowledge
dimension scale ranging from functional knowledge followed by conceptual knowledge, pro-
cedural knowledge, and ending with metacognitive knowledge. The knowledge dimensions
correlate with the cognitive process dimension following the original Bloom's taxonomy
from the level of understanding to the level of creativity. The four themes were placed
relating to the cross between the two dimensions. Students” advancement on Bloom’s
Revised Taxonomy is summarized in Table 3. Themes 1, 3, and 4 reside within the expected
area of procedural knowledge and its application and analysis, as some students even go
towards interdisciplinarity (Theme 3). However, it appears that one-tenth of students in this
study remained within the theoretical content knowledge (Theme 2). Thus, the suggested
ranking starts from Theme 3 as the highest, followed by Theme 1, Theme 4, and ends with
Theme 2. The two outstanding plate designs (Figure 4) showed a unique arrangement
that exemplifies a metacognitive perspective in the planning process. This design sets the
assessment bar and provides a pedagogical reference scale for learning activity.



Educ. Sci. 2024, 14,1176 11 of 15

Table 3. Summary of the results after cognitive mapping.

Bloom’s Taxonomy Knowledge Dimension Category
Apply/Analyze Procedural knowledge Theme 1
Understanding Conceptual knowledge Theme 2
Analyze Procedural knowledge Theme 3
Apply Procedural knowledge Theme 4
Evaluate Metacognitive knowledge Outstanding designs

In summary, interdisciplinary learning activities require a combination of pedagogical
elements that reach beyond interdisciplinary cooperation to produce the desired learning
outcomes [5]. The various elements are manifested in the initial theoretical framework
and the formulation of a task that upholds that framework. There are three pre-conditions
for such an activity, which include contextualization, conceptualization, and problem-
solving [46]. Contextualizing a learning activity gives it meaning as learners can situate it
within their accumulated knowledge, interests, and learning program (e.g., drug discovery).
Conceptualization focuses learners on their studies’ content and theories that are relevant
to the activity at hand (e.g., organic chemistry and microbiology). Both are crucial in order
to facilitate engagement in an authentic activity (e.g., the antibiotic discovery experiment),
which will most likely involve a goal and obstacles to overcome to reach it (i.e., problem-
solving) [4]. Designing a problem-solving learning activity requires the problem to be
process-focused, as learning occurs through reflection during the activity and after its
completion [47,48]. Accordingly, students can use the 96-well plate layouts as a reflective
tool for their understanding of interdisciplinarity.

A problem-oriented learning activity requires a presentation of a problem that can
be contextualized and conceptualized. This is conducted by providing the students who
participated in the antibiotic discovery laboratory with a sufficient knowledge base related
to the activity at hand. Furthermore, the Pre- and Post-Lab reflections, which play a major
part in the learning process, required students to possess a metacognitive skill set [49].
The main hurdle lies with reflective modeling as a teaching tool, as it is the least common
among other metacognitive teaching tools [38,50]. This means that the scaffolding process
of a problem-solving activity must also include the mitigation of metacognition and cross-
disciplinary understanding skills [51,52]. It also presents a problem for teachers in assessing
the learning process as it is complex and multi-layered [53]. The combination of the above-
mentioned elements results in higher engagement on the learners’ part as the learning
activity becomes authentic and accessible as well as promotes success [4]. It was also shown
in other fields that autonomy and metacognitive ability have contributed to students’
awareness of learning and success [54]. However, how to assess the actual cognitive
development relied on the non-traditional methodology that was employed.

The presented findings are the result of using thematic analysis as a teaching tool,
which brought a qualitative approach to assessing a traditionally non-qualitative field. The
result was an identification of cognitive patterns in students that allowed the mapping of
their interdisciplinary cognitive scheme. While this is not a grading tool or an accurate
assessment of academic performance, it is an effective tool that empowers teaching in an
interdisciplinary setting.

6. Conclusions

This research study holds three ideas presented in a hands-on organic chemistry lab-
oratory for second-year students of biotechnology engineering. First, the introduction
of interdisciplinary thinking at the first stages of an undergraduate program in which
a monodisciplinary framework is usually prevalent. This was exhibited as students mostly
remained fixated on a specific technical methodology and discipline. A non-traditional
approach might serve to release the monodisciplinary structured thinking schemes at early
stages. Second, by adapting an experiment to a modern accessory of a 96-well plate, and
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providing students with autonomy, both students and lecturers gained a macro view of
integrating disciplines (e.g., organic chemistry and microbiology). This important teaching
element exemplifies the need to consider traditional methodologies from a pedagogical per-
spective. In this case, it enabled better learning and teaching. Lastly, identifying students’
presuppositions and mapping their cognitive scheme advances teaching towards a person-
alized teaching track and interdisciplinary learning. These ideas lead to recommendations
derived from the findings displayed here. On an institutional level, it is highly beneficial to
design courses led by lecturers from different yet overlapping disciplines. This will create
a pedagogical environment that supports interdisciplinarity. As shown here regarding
the identification of the antibiotic compound, there was more than one distinctive route
to obtaining the same result and reaching the same conclusion when designing a single
laboratory experiment. On the course level, it is essential for lecturers to be exposed to
pedagogical and qualitative research methodologies even in fields that are not traditionally
related to their core discipline, providing the capacity to approach their teaching from both
interdisciplinary and pedagogical perspectives.

7. Research Limitations

As specified, the laboratory experiment was conducted in an Organic Chemistry
Lab course. As such, there was an inherent bias towards the chemistry elements despite
the biological elements introduced. This was expressed in an overall imbalance in the
disciplinary chemistry approach.
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Appendix A

Chemical Structures of the aldehyde (A1, A2, and A3), and hydrazine (H1, H2, and
H3) starting materials and the hydrazone products (P1-P9).
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