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Synthetic biology is a new area of science that operates at the intersection of 
engineering and biology and aims to design and synthesize living organisms and 
systems to perform new or improved functions. Despite the important role it plays in 
resolving global issues, instructing synthetic biology can be challenged by a limited 
availability of specific educational materials and techniques for explaining complex 
molecular mechanisms. On the other hand, digital fabrication tools, which allow the 
creation of 3D objects, are increasingly used for educational purposes, and several 
computational structures of molecular components commonly used in synthetic 
biology processes are deposited in open databases. Therefore, we hypothesized that 
the use of computer-assisted design (CAD) and 3D printing to create biomolecular 
structural models through hands-on interaction, followed by reflective observation, 
critical and analytical thinking, could enhance students’ learning in synthetic biology. In 
this sense, the present work describes the design, 3D printing process, and evaluation 
in classrooms of the molecular models of the first synthetic biological circuit, the 
genetic toggle switch. The 3D printed molecular structures can be freely downloaded 
and used by teachers to facilitate the training of STEM students in synthetic biology. 
Most importantly, the results demonstrated that our resource showed a significant 
positive impact (p < 0.05) on students’ learning process, indicating that the proposed 
method helped them better understand the genetic toggle switch.

KEYWORDS

synthetic biology (synbio), genetic toggle switch, 3D printing, stem education, 
educational resource

Introduction: Background and rationale for the 
educational activity innovation

An overview on synthetic biology and the first synthetic 
genetic circuit

Synthetic biology comprises a series of disruptive technologies capable of providing new 
solutions to global challenges in health, agriculture, industry, and the environment (Cameron et al., 
2014; Flores Bueso and Tangney, 2017; French, 2019). In its top-down approaches, such an area 
uses molecular biology tools and techniques coupled with standardized engineering principles to 
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design and characterize biological parts, synthetic biological circuits, 
and systems. Thus, synthetic biology can assign new functions to 
organisms and redesign pre-existing biological systems to improve 
features of interest (Fu, 2006; Huang et al., 2010; Lv et al., 2022).

Jacob and Monod described, in the 1960s, the first genetic circuit, 
as they observed that inducible systems, such as the lactose operon 
from Escherichia coli, and repressible systems, like the tryptophan 
operon or lysogenic systems, respond to similar controlling elements, 
organized in different genetic circuits (Jacob and Monod, 1961). For 
example, in the lactose operon, the authors observed that the lactose 
catabolism was triggered only by a specific inducer molecule, 
structurally similar to lactose, which stimulated the coordinated 
synthesis of enzymes that allow lactose processing. On the other 
hand, when lactose is absent and glucose is present in the medium, 
the last sugar is preferred, due to easier processing, and the lac operon 
is silenced by the association of a repressor protein with the operator 
region of the lac promoter. The description of inducer and repressor 
components that could genetically control cellular machineries 
subsequently enabled, decades later, the development of synthetic 
biological circuits.

The progress made in the field of genetic engineering was also 
instrumental for the development of synthetic biology. In the 
1970s, the discovery of restriction enzymes and the development 
of recombinant DNA technology allowed for the controlled 
manipulation and expression of DNA fragments in living 
organisms (Luria, 1970; Smith and Wilcox, 1970). This equipped 
researchers with the means to better regulate gene expression, 
leading to a deeper understanding of gene function. The 
foundations of synthetic biology are therefore closely intertwined 
with genetic engineering, as the latter has provided the 
fundamental molecular principles and DNA manipulation 
techniques needed to implement the former. The capability of 
synthetic biology to modify numerous nucleotides or gene loci 
across the genome sets it apart from conventional genetic 
engineering, which is limited to altering a limited number of 
nucleotides or genes typically using recombinant DNA technology 
(König et al., 2013). In the early 2000s, initial attempts were made 
to expand the frontiers of genetic engineering and create synthetic 
genetic circuits.

The first synthetic genetic switch assembled was based on two 
genes that repressed each other (Gardner et  al., 2000). The 
application of a specific stimulus induced the expression of one of 
the genes, and its genetic product inhibited the expression of the 
other, and vice versa. One of the genes was placed in tandem with 
a reporter sequence encoding the green fluorescent protein (GFP), 
and thus the two possible states of the system were the presence or 
absence of green fluorescence. Due to its similarity to an electronic 
toggle switch, which also has two possible states—“ON” (light) or 
“OFF” (no light)—their system is recognized as the genetic toggle 
switch. Shortly after, Elowitz and Leibler developed the genetic 
oscillator, a circuit characterized by the interactions among three 
different genetic repressors, one of which also regulated GFP 
expression (Elowitz and Leibler, 2000). At a cellular level, the 
circuit caused periodic oscillations in the detection of green 
fluorescence, similar to what happens in electronic oscillators. 
Both studies strengthened the foundations of synthetic biology and 
demonstrated that it is possible to apply engineering principles to 
create synthetic biological circuits in living organisms.

Current challenges in synthetic biology 
education

Teaching synthetic biology presents unique challenges compared 
to other engineering fields. Electrical engineering students, for 
example, can easily obtain parts of electrical circuits, such as conductor 
wires, electronic switches, and LEDs, to learn in practice the concepts 
studied during theoretical classes—such as building a simple 
electronic toggle switch to turn on a light bulb. In contrast, synthetic 
biology focuses on designing and building biological circuits, which 
operate at the molecular scale. Consequently, it is harder for students 
to connect the concepts learned in class with both the actual 
dimension of subcellular processes and the relations between 
biological genetic processes and engineering. One of the main reasons 
for that is the scarcity of specific pedagogical methods for teaching 
synthetic biology (Diep et al., 2021).

To date, efforts have been made to incorporate novel resources 
into synthetic biology education, such as software for molecular 
structure simulation and visualization, virtual labs, and virtual gaming 
environments (Muth et al., 2021). For example, the Pymol software 
helps in understanding protein shapes and their relation to specific 
functions, and is used by molecular science instructors for 
visualization and computation of structures (Lineback and Jansma, 
2019). Virtual labs, such as Serial Cloner, provide a whole DNA 
assembly virtual environment, while GelBox offers an interactive 
simulation tool for gel electrophoresis, both of which are essential 
techniques in genetic engineering and synthetic biology (Basics, 2009; 
Gingold and Douglas, 2018). Virtual gaming environments, such as 
Hero.coli, which reproduces a bacteria incorporating genetic elements 
to gain new properties, and Nanocrafter, which simulates the assembly 
of DNA fragments to create new genetic devices, help students learn 
basic concepts of genetic transformations in a fun manner (Barone 
et al., 2015; Goujet, 2018). Interactive experimental methods, like 
BioBits, which allows students hands-on exposure to synthetic biology 
experiments involving fluorescence, fragrances, and hydrogels, have 
also been proposed for synthetic biology education (Huang et al., 
2018, 2022).

Despite these efforts, the teaching of synthetic biology still faces 
challenges similar to those faced in the teaching of genetic engineering 
and molecular sciences. One of the main difficulties lies in transforming 
static, two-dimensional illustrations present in scientific articles and 
textbooks into dynamic, three-dimensional models that truly bring the 
subject to life (Wu et  al., 2001). Unfortunately, the fact that many 
students have difficulty with three-dimensional mental visualizations is 
often overlooked and can result in a disadvantage in their careers in 
STEM fields (Pittalis and Christou, 2010). In this sense, the previously 
mentioned educational resources still have limitations in fully 
demonstrating molecular processes in three dimensions, which is 
crucial for students’ understanding of synthetic biology.

An overview of 3D printed molecules and 
their potential in education

In the early 1950s, Linus Pauling, Robert Corey, and Herman 
Branson, pioneers in studies of protein structures, developed the first 
representation of macromolecules in terms of complex space-filling 
models (Pauling et al., 1951; Pauling and Corey, 1951). Their system 
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represented atoms of different chemical elements as spheres of 
different colors, whose diameter was proportional to their atomic 
radius (Koltun, 1965; Olson, 2018). In 1958, researchers reported the 
first experimental structure of a macromolecule, and for 20 years 
physical models were the principal tool for representing the structures 
of biological macromolecules (Kendrew et al., 1958; Olson, 2018).

Physical models fell into disuse in the 1980s, when visualization 
of biomolecular structures by molecular computer graphics softwares 
became popular. Fortunately, in recent years, several independent 
efforts have created physical models of proteins using new rapid 
prototyping technologies based on 3D printing. 3D printers enable the 
manufacture of macromolecule structures using digital atomic 
coordinates, encoded in .pdb files and available for download from the 
Protein Data Bank (PDB), with low waste and high accuracy and 
efficiency, simplifying the process of making molecular models.

Recently, about 47 peer-reviewed articles were systematically 
reviewed to identify different justifications for incorporating 3D 
printing into higher education chemistry (Pernaa and Wiedmer, 
2019). These justifications include addressing challenges in chemistry 
learning and teaching, overcoming the high cost and lack of suitable 
molecular models, and the limitations of current molecular models. 
The majority of the articles (about 37) focused on specific chemistry 
concepts or laboratory instruments that could benefit from 3D 
printing, as well as the development of printing methodologies, safety 
considerations, and pedagogical models to evaluate the impact of 
physical models on student learning and perception.

In addition, tactile feedback has already been found to be more 
valuable than 3D representations alone for students struggling to 
understand molecular biological concepts (Salzman et al., 1999). 3D 
printing has been explored in recent reviews for its potential in science 
education, with studies reporting increased biological and chemical 
conceptual gains for students using 3D printed models (Pinger et al., 
2019; Hansen et al., 2020). The use of three-dimensional educational 
materials is particularly important for visually impaired students who 
face substantial barriers in the classroom due to a lack of tactile 
methods, which are fundamental for better understanding biological 
concepts (Stone et al., 2020).

Study hypothesis

We hypothesize that the use of 3D printed biological structures that 
comprise the genetic toggle switch can enhance students’ learning of 
synthetic biology. By allowing them to manipulate and understand 
theoretical concepts in a practical way, the 3D printed parts can provide 
a comprehensive educational experience that captures student interest 
and clarifies complex molecular concepts. By using this open resource, 
professors would be able to show biological parts on an adequate scale, 
helping students better understand macromolecule spatial relationships 
and genetic mechanisms and their relations to electrical engineering in 
a way that illustrations and computational models alone cannot.

Development of the 3D printed 
educational resource

To construct our educational resource, we selected the first genetic 
toggle switch, which was designed, synthesized, and successfully 

tested by Gardner et  al. (2000). First, we  identified the molecular 
elements that compose the switch: two molecular inducers, 
anhydrotetracycline (aTc) and isopropyl β-D-1-thiogalactopyranoside 
(IPTG); two repressor gene products, the lactose operon repressor 
(LacI) and the Tet repressor protein (TetR); and a reporter gene 
product, the green fluorescent protein (GFP). As the system depends 
on gene expression, we also included an RNA polymerase, to allow the 
understanding of the control of transcriptional activity, and two 
generic DNA strands, each to represent the two mutually repressive 
genetic cassettes.

Figure 1 shows a schematic representation of the steps to follow 
to obtain the 3D printed molecules of the genetic toggle switch. The 
.stl files encoding the 3D digital atomic coordinates of the proteins 
were downloaded from the Protein Data Bank (PDB; http://www.pdb.
org/pdb/). For the smaller molecules, the. Mol files were downloaded 
from the Molview database. Structures were prepared in the PyMol 
and ChimeraX v1.3 (https://pymol.org/2/; https://www.rbvi.ucsf.edu/
chimerax) software by extracting the asymmetric units from the 
unitary cells, removing waters and ligands, and calculating the 
molecular surfaces. Afterwards, the molecular surface structures were 
exported as .stl files using ChimeraX, or as VRML 2 files from PyMol 
for repair, and hollowed out with Autodesk Meshmixer v.3.5.474 or 
Blender software. In Blender, each element was imported individually 
as X3D Extensible 3D files. The skeleton of each piece was deleted, 
preserving only the empty surface shells. In Meshmixer, the .stl files of 
the molecular surfaces were hollowed out and repaired to generate the 
final .stl files, for use in the UltimakerCura slicer.

For slicing in the UltimakerCura software, we  scaled the .stl 
molecular files into two size scales. The inducers were printed at 100% 
of their initial size, and the other components at 70% of scale. These 
scales were chosen to facilitate manipulation of the biological 
structures by students while maintaining approximate natural 
proportions. The 3D prints were made on a fused deposition (FDM) 
3D printer with a 0.4 mm diameter extrusion nozzle using 1.75 mm 
polylactic acid plastic (PLA) filaments. In the slicing software, we set 
the following parameters: (1) the extrusion width was set according to 
the extrusion nozzle diameter; (2) the printing temperatures ranged 
from 200 to 215°C, (3) the printing speed ranged from 20 to 60 mm/s, 
and the temperature and speed parameters varied according to the 
individual size of each printed part. 200 g of PLA filaments were used 
in yellow (LacI), white (IPTG), blue (TetR), light blue (aTc), gray 
(DNA), green (GFP), and pink (RNA polymerase). After printing, 
printing supports were removed from the models by hand, and small 
5 × 5 mm neodymium magnets were added approximately at the real 
sites of the biological interactions to allow reversible binding between 
the pieces representing the genetic toggle switch molecules and better 
represent the activation and repression behaviors of transcription.

Pedagogical framework, learning 
environment, objectives, and core 
competencies development

Pedagogical background

The pedagogical concept of this study is based on Kolb’s 
Experiential Learning Theory (ELT), which has been discussed as 
being built upon the works of Dewey, Lewin, and Piaget (Kolb, 1984). 
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The ELT combines four learning styles into a four-stage learning cycle 
comprising (1) concrete learning, where students encounter a new 
experience; (2) reflective observation, where students reflect on the 
new experience while considering their existing knowledge; (3) 
abstract conceptualization, where students give rise to new ideas based 
on the previous considerations; and (4) active experimentation, where 
students experiment and apply the newly created knowledge in real 
situations. It is argued that students can achieve a better understanding 
of concepts through the challenge present in problem solving, 
reinforcing and enhancing learning and critical thinking; therefore, it 
underpins the chosen teaching method described here (Kolb, 1984; 
Kolb et al., 2001).

The approach proposed here has already been tested by other 
authors in the broader field of STEM education, in which synthetic 
biology is included. A number of significant findings highlight that 
active engagement learning strategies have already been shown to 
reduce the percentage of failure rates compared to regular lectures in 
undergraduate courses in STEM subjects, and are also associated with 
a statistically significant improvement in individual learning 
performance and an increase in average assessment scores in 

molecular science (Newman et al., 2018). Specifically in the context of 
molecular biology, the use of tactile models has been shown to 
increase learning gains related to the central dogma of molecular 
biology, DNA replication and transcription, and protein folding, for 
example (Beltramini et  al., 2006; Davenport et  al., 2017; Gordy 
et al., 2020).

Participants and learning environment

Our approach focused on assessing whether 3D printed molecules 
could enhance students’ understanding of synthetic biology, 
specifically around the first synthetic biological circuit, the genetic 
toggle switch. Thus, the learning environment was the classrooms of 
the University of Brasília, and our participants were undergraduate 
students majoring in Biotechnology and Biological Sciences. More 
specifically, the participants were students who were already at least 
halfway through their respective courses and who were enrolled in 
one of the Genetic Engineering, Genetics or one of the two Molecular 
Biology classes (A and B) offered that semester. Besides that, the only 

FIGURE 1

Schematic representation of the pipeline used for production of the genetic toggle switch as a system of 3D printed pieces.
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prerequisite for participation was that the students had to have 
attended a class in which they studied the lactose operon, since the 
genetic regulation of this operon was the foundation for the 
development of the first synthetic genetic circuit. The number of 
students in each of the four classes evaluated was 21, 23, 8, and 33 
respectively, resulting in a total of 85 students.

Figure 2 describes a pipeline of the learning environment, the 
steps involving the application of the Pretests and Posttests, and the 
relations of the educational resource proposed in this study to the ELT, 
which underlies the chosen teaching method.

Examination procedure

Our main objective was to develop a new educational resource for 
synthetic biology that would improve student learning. To accomplish 
this goal, the coordinating professors of the study, with the assistance 
of undergraduate and graduate students serving as teaching assistants, 
consistently implemented the same teaching strategy and procedures 
across all tested classes. All classes lasted for 2 h. During the first 

45 min, the professors in charge explained that the study was being 
conducted according to the ethical standards set by the University of 
Brasília, and they were assured that their participation would 
be private, confidential, and voluntary. They were also informed that 
their identity would remain anonymous and that the data collected 
would be used exclusively for academic purposes, and treated with the 
utmost confidentiality. The participants signed an agreement form 
acknowledging their participation and acceptance of the conditions 
outlined in the research methodological process. Next, the professors 
in charge, using the traditional lecture method based on the 
whiteboard and slide decks, introduced all the molecules and genetic 
parts involved in the genetic toggle switch, and explained how they 
operated. Participants were randomly numbered and asked to answer 
a Pretest questionnaire using the Pretest-Posttest questionnaire 
(Supplementary material). They were given 15 min to perform this 
task, synchronously. The questionnaire was composed of multiple 
choice and true and false questions.

Afterward, the participants were divided into two groups (control 
and experimental). The second part of the class lasted 45 min for both 
groups (Posttest). The students who were randomly assigned as even 

FIGURE 2

Pipeline describing the learning environment. First, the responsible professors made clear that the study was conducted according to the ethical 
standards set by the University of Brasilia, Brazil. Then, students were randomly numbered and this first part of the class lasted 45 min (pretest). Using 
the traditional lecture method, the molecular components that compose the toggle switch were introduced, followed by an explanation of how these 
components control gene expression of two repressors proteins and the fluorescent reporter protein setting the ON and OFF cellular state. The 
students responded to the Pretest-Posttest questionnaire at the last 15 min of the first part of the class. In the second part of the class (posttest), which 
also lasted 45 min, the participants were divided into two groups. One group (control group) received the same traditional explanation and responded 
to the Pretest-Posttest Questionnaire in 15 min. The other group (experimental group) received the 3D printed biological structures that compose the 
toggle switch and were asked to manipulate the models to understand and explain to each other how the toggle switch functions to set the ON and 
OFF cellular state according to Kolb’s Experiential Learning Theory. The control group and experimental group students are represented by red and 
blue colors, respectively, in the figure. They responded to the Pretest-Posttest Questionnaire in 15 min. The data were analyzed, right answers scored 1 
and wrong answers 0, and submitted to a non-parametric Mann–Whitney test.

https://doi.org/10.3389/feduc.2023.1110464
https://www.frontiersin.org/journals/education
https://www.frontiersin.org


Oss Boll et al. 10.3389/feduc.2023.1110464

Frontiers in Education 06 frontiersin.org

numbers composed the control group, and were asked to move to a 
different classroom and were given the same traditional explanation. 
They were then asked to respond to the Pretest-Posttest questionnaire, 
also in 15 min.

For the remaining students, who were assigned as odd numbers 
and who comprised the experimental group, the professors in charge 
reproduced the following steps in front of the class with the 3D 
printed molecules:

 1. Introduce again all the molecules and genetic parts involved 
in the synthetic genetic circuit, describing that IPTG and 
aTc are the inducers and LacI and TetR are the repressor 
proteins for pTrc-2 and PLtetO-1, respectively. As 
promoters, PLtetO-1 and pTrc-2 control the expression of 
LacI and TetR together with GFP, respectively, in the two 
different expression cassettes.

 2. Simulate how RNA polymerase transcribes both of the cassettes. 
In the first case, the magnetic connection of the RNA polymerase 
with the pTrc-2 promoter region of a DNA strand causes the 
expression of TetR and GFP. In the second case, the transcription 
leads to the expression of LacI. These final products were not 
be visible to the class until transcription has been simulated. 
However, the translation process omitted in our system was 
highlighted as the step responsible for converting the information 
contained in the expressed mRNAs into individual proteins.

 3. Show how the addition of the two repressors, TetR and LacI, 
blocks RNA polymerase activity at each of the two promoters 
in the two expression cassettes. Repeat the last step, but explain 
that a physical attachment of LacI or TetR on the promoter 
region of pTrc-2 or PLtetO-1, respectively, impedes the 
transcription of each cassette by RNA polymerase. No 
transcription and consequently no translation takes place, so 
the class did not get to see the final product. At his point, the 
responsible professors stated that it is important to note that in 
the system, the binding of only one molecular repressor per 
promoter is a simplified representation of the cell’s reality; 
many more molecules operate to block promoter regions.

 4. Explain how the two cassettes interact with each other.
 a.  Draw a parallel with a standard light switch that can set 

a simple electrical system into two possible states: the 
presence (ON) or absence (OFF) of light. Thus, the genetic 
switch can set the biological system into two possible 
states: the presence (ON) or absence (OFF) of green 
fluorescence. In this case, the responsible professors stated 
that it is worth noting that GFP is the product that confers 
this characteristic.

 b.  Draw a parallel between the two cassettes and show that 
IPTG, once added to the medium, is present inside the cell, 
and that the repressor product of the second cassette, LacI, 
has the property of binding to this molecule, using the 
magnets embedded in both parts. Then, the responsible 
professores asked the students: if LacI is not bonded to 
pTrc-2 due to the interaction with IPTG, what happens to 
the expression of the pTrc-2 cassette? As a consequence, the 
transcription process was shown again, which results in the 
synthesis of TetR and GFP.

 c.  Highlight the TetR produced by the first cassette. Explain 
that this second molecular repressor attaches to the PLtetO-1 

promoter of the second cassette and blocks its expression. 
Consequently, LacI is no longer produced. Finally, the 
teacher asked: “What state does the system assume when 
IPTG is added to the medium?” The final answer was: “The 
system is in its ON state and shows a green fluorescence.”

 d.  Explain how the second state is reached by showing the 
property of the molecular repressor aTc to bind to TetR by 
a magnetic connection. Then the teacher asked the students: 
“If, after its addition to the medium, aTc interacts with TetR, 
what happens to the expression of the PLtetO-1 cassette?” 
In this case, the transcription process is restarted, leading 
to the synthesis of LacI, a repressor of the pTrc-2 promoter. 
When the pTrc-2 is blocked, there is no expression of GFP 
and TetR. Finally, the teacher asked: “What state does the 
system assume when aTc is present in the medium?” The 
final answer was: “The system is OFF and colorless.”

Then, the students in the experimental group were divided into 
small groups of two, given the 3D models, and asked to individually 
reproduce how biological structures interact to regulate gene 
expression, leading to ON and OFF states. Following this step, 
students were asked to reflect and reproduce to each other what they 
had learned, proceeding with reflective observation, analytical and 
critical thinking, and verifying if the concepts were indeed fully 
understood. Students were also encouraged to correlate what they had 
learned with electrical circuits, encouraging them to expand their 
knowledge to more complex circuits. Immediately after, they were 
asked to respond to the Pretest-Posttest questionnaire, also in 15 min.

Evaluation approach

The questionnaires were scored as follows: correct answers were 
graded with one point, and wrong answers with zero points. After 
scoring the Pretest and Posttest questionnaires for the four classes in 
both control and experimental conditions, we conducted a difficulty 
analysis. The difficulty scores for the Pretest and Posttest were 
calculated by dividing the number of correct answers by the total 
number of questionnaires answered in each class and condition.

Learning objectives and expected core 
competencies development

The learning objective of the class was to enhance the students’ 
comprehension of the control of gene expression underlying the 
two different states of the toggle switch, ON and OFF, through 
manipulation of the 3D printed biological structures that compose 
the genetic circuit, and reflective observation, analytical and 
critical thinking. At the end, it is expected that the participants 
can apply the new ideas learned from the proposed method to 
understand more complex biological circuits, and in the future use 
this knowledge to develop projects in the realm of 
synthetic biology.

The proposed educational activity aimed to foster the STEM 
competencies expected for the 21st century, including problem-
solving, critical thinking, creativity, innovation, communication, and 
collaboration, as identified by the UNESCO report on STEM 
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competencies for the 21st century (UNESCO International Bureau of 
Education, 2019). The SynBio in 3D activity relies on the manipulation 
of 3D printed biological structures by students, mimicking the 
inductors and protein functions inside the cell. Through explaining 
the structures to each other in a reflective and analytical way, it is 
hypothesized that the students will better understand the genetic 
control underlying the toggle switch, and generate abstract principles 
that can be  applied in more complex circuits. Therefore, the 
competencies underlying this learning activity encompass both hard 
and soft skills. Specifically, the core competencies would be the ability 
and willingness to learn, conceptual/critical thinking, teamwork and 
cooperation, analytical thinking, digital literacy, cultural awareness, 
and social responsibility, all of which are essential for preparing 
undergraduate students for the complex and rapidly changing STEM 
landscape of the future. By drawing upon the UNESCO report on 
STEM competencies for the 21st century, the educational activity was 
designed to effectively promote these competencies, equipping 
students with the skills and knowledge they need to succeed in 
their studies.

Results to date/assessment (processes 
and tools; data planned; or already 
gathered)

3D printing of the educational resource

The rationale for this proposal relies on the hypothesis that 
students would benefit from 3D models to better understand concepts 
of genetic circuits. We selected the toggle switch as a starting point, 
not only because it was the first synthetic circuit assembled, which 
paved the way for further designs, but also due to its simplicity: it 
involves only a negative control that relies on two repressors to 
regulate the expression of the reporter GFP gene. Figure 3 describes 
all genetic parts that comprise this switch, comparing the 
computational models experimentally obtained and submitted online 
and the 3D printed pieces. By preserving the dimensions of each 
molecule, 3D printed molecular inducers (IPTG and aTc) were 
significantly smaller than 3D printed protein repressors (TetR and 
LacI). Also, we used filaments colored in similar tones to the products 
derived from each of the cassettes, so students could easily associate 
which system is which.

After preparation, the final genetic circuit parts were 3D printed 
and finalized with magnets. All files are available in the 
Supplementary material, on our laboratory’s website, synbiolabunb.
com, and under the CC BY 4.0 license. This authorizes the work to 
be shared and adapted under conditions of giving credit to the original 
authors, not using the materials for commercial purposes, and not 
applying legal terms or technological measures that legally restrict 
others from doing anything the license permits.

Molecular mechanism of the genetic 
toggle switch

Although Jacob and Monod had pointed out in the ‘60s the 
existence of biological regulatory circuits, it was not until the 
beginning of the new millennium that Gardner and collaborators 

reported the first design and test of a synthetic genetic circuit, the 
toggle switch (Jacob and Monod, 1961; Gardner et al., 2000).

Figure 4 describes the different cellular states of the genetic toggle 
switch dependent on its intracellular inducer content. It shows how 
the genetic control expression is linked to Boolean algebra function as 
binary variables, considering 1 when the gene is expressed and 0 when 
it is not. First, it explains the design of the synthetic genetic circuit to 
control the expression and accumulation of the reporter protein, 
GFP. With the IPTG addition to the medium, it diffuses within the 
cells and binds to the LacI protein. This way, the operator of the pTrc-2 
promoter is free, allowing the flow of the RNA polymerase—a process 
called a transcription “current,” analogous to an electric current as a 
transistor-like device, named transcriptor. The result is the expression 
of the cassette composed of TetR and GFP. TetR binds to the promoter 
of the other cassette, PLtetO-1, blocking the expression of LacI, and 
GFP sets the “ON” state of the system, making the cells turn 
fluorescent green. Then, the figure illustrates how the cells can change 
state and turn colorless. When aTc is added to the medium, it enters 
the cell and binds to the TetR protein, leaving the operator of the 
PLtetO-1 promoter available for the RNA polymerase to transcribe. 
Hence, LacI is produced, and it blocks the promoter of the other 
cassette, pTrc-2, setting the “OFF” state of the system: that is, cells are 
unable to express GFP and turn colorless. In summary: IPTG causes 
the cells to turn fluorescent green, whereas aTc has the opposite effect, 
maintaining them colorless.

Classroom evaluation data analysis

The biological molecules that compose the genetic toggle switch 
were 3D printed and presented to undergraduate students enrolled in 
Genetics, Genetic Engineering, or one of the two Molecular Biology 
classes offered at the University of Brasilia that semester. As explained 
in the previous section, to determine whether the use of 3D printed 
molecules improved students’ comprehension of the genetic toggle 
switch, they were first given the Pretest-Posttest questionnaire 
(Supplementary material) after receiving the traditional theoretical 
explanation (using only a whiteboard and slide decks). This phase was 
referred to as the Pretest. Then, the students were separated into two 
groups (Posttest): one group was given the traditional explanation 
again (control group), while the other group reviewed the concepts 
with the aid of 3D printed molecules (experimental group).

After scoring the Pretest and Posttest questionnaires (Table 1), a 
difficulty analysis (Table  2) was conducted. As all groups had a 
difficulty score above 50%, the test was found to have an intermediate 
or moderate difficulty, allowing us to proceed with data analysis. It is 
important to note that in most classes, the experimental conditions 
had higher difficulty scores than the control conditions. Since 
difficulty score values are inversely related to test difficulty, these 
findings suggested that the use of 3D printed models was a valuable 
educational tool that improved students’ comprehension of the genetic 
toggle switch.

Nonetheless, given the Pretest-Posttest study design employed in 
this investigation, we  sought to examine whether differences in 
learning existed between the control and experimental groups. To 
achieve this, we calculated the difference between the Pretest and 
Posttest scores for each person, and then analyzed these differences 
(i.e., gain score approach, sensu Gliner et al., 2003). To compare these 
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FIGURE 3

Visual comparison of 3D printed models that compose the genetic toggle switch in relation to their respective computational structures.

FIGURE 4

Different cellular states that compose the toggle genetic circuit in 3D printed molecules. The molecules and the genetic parts needed in the synthetic 
genetic circuit to turn it on its ON state are: IPTG (the inducer), LacI (repressor protein), and pTrc-2 (promoter). In its initial state, the LacI repressor is 
bound to the pTrc-2 promoter, blocking the RNA polymerase flow. After adding IPTG to the medium, it diffuses into the cellular environment, binds the 
LacI protein, releasing it from the pTrc-2 promoter, and allowing the function of the transcriptor. The cell is now in its ON state, expressing GFP and 
TetR. The TetR repressor protein binds to the PLtetO-1 promoter and blocks the RNA polymerase flow along the cassette. Then, now, to switch to the 
OFF state the molecules and the genetic parts needed will be aTc (inducer), TetR (repressor protein), and PLtetO-1 (promoter). Once the aTc is added to 
the medium, it diffuses into the cellular environment, binds the TetR protein, releasing it from the PLtetO-1 promoter, and allowing the function of the 
transcriptor. The cell is now in its OFF state, expressing LacI and thus repressing the first cassette from transcribing and traducing TetR and GFP.
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differences, we employed a non-parametric test (Mann–Whitney test) 
since the data distribution was non-normal (Shapiro–Wilk test 
W = 0.97; p < 0.05). The gain score analysis is commonly considered a 
good approach for Pretest-Posttest comparisons, considering that 
there are no Pretest differences between groups (Gliner et al., 2003; 
Zientek et al., 2016).

The evaluation of the Pretest scores revealed no significant 
differences between students in the control and experimental groups 
(Mann–Whitney U = 769, d.f. = 82, p = 0.33). As a result, we were able 
to use gain scores to assess the efficacy of the treatment by evaluating 
between-groups differences. The test indicated significant differences 
between the two groups, with students in the experimental group 
achieving a median gain score that was 40% higher than that of 
students in the control group (Mann–Whitney U = 643, d.f. = , p = 0.03; 
Figure 5).

In addition, the qualitative perception of students’ 
comprehension of the toggle switch was evaluated after they 
attended the lecture (Supplementary Figure 1). The results showed 
that in the experimental group, after manipulating the 3D printed 
molecules (phase 2), a higher number of students perceived an 
improvement in their understanding of the genetic toggle switch 
compared to the control group in both phases 1 and 2. Moreover, 
the subjective response to question 8 (optional) of the Pretest-
Posttest questionnaire also corroborates the latter results, as most 
students in the experimental group reported that their 
comprehension of the genetic toggle switch and the gene regulation 
control required for its function improved by using 3D printed 
molecules as an educational resource in the classroom 
(Supplementary Figure 2).

Discussion on the practical 
implications, objectives, and lessons 
learned

Genetic circuits are a combinatorial network of switches that can 
perceive different inputs, process the information, and generate 
outputs. Since the beginning of the 2000s, several simple synthetic 
circuits have been designed, built, and tested (Elowitz and Leibler, 
2000; Gardner et al., 2000). These were the cornerstone for assembling 

more complex ones, which led to further implications in 
biotechnology, medicine, agriculture, and food sectors, bringing the 
synthetic biology area to a pivotal importance in the 21st century 
(Khalil and Collins, 2010; El Karoui et al., 2019; Brooks and Alper, 
2021). Therefore, it is of great interest that future researchers in the 
different areas of science have a thorough understanding of 
genetic circuits.

The traditional educational system still fosters a passive learning 
process in which students are stimulated to hear explanations, take 
notes and then take exams to prove their knowledge. However, 
we hypothesized that complex and emerging areas, such as synthetic 
biology, cannot be fully understood without a modern and practical 
educational approach. The process of elaborating a synthetic biology 
project is deeply amalgamated into digital technologies, such as apps 
made to design plasmids from scratch and machines that automate 
strain engineering. Hence, classes dedicated to synthetic biology 
education also need to adapt and integrate the use of technology, 
following up with the tendency and allowing students to usufruct 
from active learning methodologies.

Indeed, progress in teaching synthetic biology has resulted in the 
incorporation of new resources, such as virtual laboratories, software 
for simulating molecular structures, and interactive experimental 
methods (Huang et al., 2018; Lineback and Jansma, 2019; Muth et al., 
2021). Additionally, 3D printed molecular structures are now shown 
to be also a valuable tool in improving synthetic biology education. 
The novel SynBio in 3D method was successfully implemented in 
classrooms, resulting in a positive impact on students’ learning 
processes (Figure 5). It helped students understand the genetic toggle 
switch and the relationship between gene expression regulation 
control and electrical circuits, turning cells “ON” and “OFF.” These 
results are consistent with the students’ perception that manipulating 
the 3D printed molecules helped improve their understanding of the 
subject (Supplementary Figures 1, 2). Thus, our work demonstrates 
the success of integrating a new type of technology into synthetic 
biology education by linking digital fabrication tools and molecular 
computational structures to create engaging content. This innovative 
approach has the potential to transform traditional educational 
practices, offering students a modern and interactive learning 
experience that enhances understanding of emerging areas such as 
synthetic biology.

TABLE 1 Mean and standard deviation of the students’ Pretest and Posttest scores (average number of correct questions) on the four different classes 
evaluated in this study.

Courses condition Conditions Pretest Mean ± SD Posttest Mean ± SD Mean difference

Genetic Engineering Treatment Control
7.50 ± 2.01 9.78 ± 1.31 2.28

7.07 ± 1.94 8.33 ± 2.64 1.26

Molecular Biology (A) Treatment Control
7.75 ± 1.42 10.58 ± 1.68 2.83

8.64 ± 1.57 10.73 ± 2.20 2.09

Molecular Biology (B) Treatment Control
6.45 ± 2.07 7.00 ± 2.57 0.55

7.00 ± 2.49 7.50 ± 3.06 0.50

Genetics Treatment Control
6.50 ± 1.73 10.75 ± 0.50 4.25

7.67 ± 2.52 8.33 ± 1.53 0.66

Overall Treatment Control
7.22 ± 1.88 9.40 ± 2.22 2.18

7.54 ± 2.09 8.79 ± 2.79 1.25
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In conclusion, the method showcased in this article has as a 
foundation the combination of digital manufacturing processes, 
which can be  used to make (almost) anything, anywhere, with 
readily-available molecular computational elements (Gershenfeld, 
2012). Digital fabrication is a design and production process 
focused on turning bits into atoms, increasingly present in academic 
and school settings. On the other hand, databases like PDB are free 
to use and reunite thousands of digital molecular components, 
which allows the exportation in formats compatible with 3D 
printers. Bridging the gap on how simple the process of connecting 
those two resources is a crucial step to incentivizing teachers to 
explore it, and also develop systems for their classes in order to help 

students to better understand the complex concepts underlying the 
synthetic biology area.

Acknowledgment of any conceptual, 
methodological, environmental, or 
material constraints

We had some technical issues during the 3D printing testing 
phase due to (1) .stl files were too large and did not load in the 
Ultimaker Cura; (2) the settings of the printer were not ideal, and 
the resulting pieces were low in quality. We solved these issues by 
reducing the size of the files in Blender and exporting it again as .stl 
files, optimizing the printing supports, and improving the definition 
of the molecule surfaces.
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TABLE 2 Difficulty analysis of the questionnaires used to evaluate the 
four different classes.

Course 
(Class)

Test type Correct 
answers

Total Difficulty 
score

Genetics Pretest (control) 2 4.00 0.5

Genetics
Posttest 

(control)
2 4.00 0.5

Genetics
Pretest 

(experimental)
2 4.00 0.5

Genetics
Posttest 

(experimental)
3 4.00 0.8

Genetic 

Engineering
Pretest (control) 9 15.00 0.6

Genetic 

Engineering

Posttest 

(control)
9 15.00 0.6

Genetic 

Engineering

Pretest 

(experimental)
11 18.00 0.6

Genetic 

Engineering

Posttest 

(experimental)
13 18.00 0.7

Molecular 

Biology (A)
Pretest (control) 5 10.00 0.5

Molecular 

Biology (A)

Posttest 

(control)
6 10.00 0.6

Molecular 

Biology (A)

Pretest 

(experimental)
5 11.00 0.5

Molecular 

Biology (A)

Posttest 

(experimental)
7 11.00 0.6

Molecular 

Biology (B)
Pretest (control) 7 11.00 0.6

Molecular 

Biology (B)

Posttest 

(control)
8 11.00 0.7

Molecular 

Biology (B)

Pretest 

(experimental)
7 12.00 0.6

Molecular 

Biology (B)

Posttest 

(experimental)
10 12.00 0.8

-
Total average–

Pretest
5.91 10.63 0.56

-
Total average–

Posttest
7.47 10.63 0.70

The study involved pretest (phase 1) and posttest (phase 2) evaluations of students in control 
and experimental conditions. The total number of correct answers, total number of answers, 
and difficulty scores are reported for each class and condition.

FIGURE 5

Comparison of gain scores obtained from the students who 
participated in the study (n = total number of students = 85). The gain 
scores were calculated as the differences between the pretest and 
posttest scores obtained by students within each group. The 
“Control” group consisted of students that were submitted to the 
theoretical explanation, and the “Experimental” group consisted of 
students that were submitted to the presentation of the 3D printed 
molecules. Horizontal lines indicate median values and boxes 
indicate 1st and 3rd quartiles. We used the non-parametric Mann–
Whitney test for comparison because data distribution was not 
normal (see text for details).
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