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Abstract: The rapid evolution of biotechnology across various sectors, including agriculture, industry,
and medicine, has profoundly transformed our comprehension of the world. Virtual laboratories
(VLs) provide an immersive learning experience that can enhance future generations” understanding
of biotechnology’s medical applications. This study investigated the impact of incorporating VLs into
a short course on biotechnology applied to medicine on the attitudes and perceptions of third-year
medical students (n = 210). A validated questionnaire was employed to assess their perspectives,
attitudes, and experience with virtual laboratory platforms before and after the course. The findings
revealed a significant positive change in 7/38 questionnaire items (p < 0.05), indicating that the VL
experience modified perceptions about biotechnology. This study emphasizes the importance of
exploring innovative teaching methods for biotechnology and highlights the advantages of VL in
educating future physicians. The primary concerns of the students were the misuse of personal
genetic information and biotechnological applications involving animal modification. Overall, the
students had a favorable experience using the virtual laboratory platforms. These findings collectively
suggest that VL can positively influence perceptions and attitudes toward biotechnology among
healthcare professionals.

Keywords: virtual laboratories; medical students; simulation; perception; attitudes

1. Introduction

The rapid development of biotechnology in different areas like agriculture, indus-
try, and medicine plays a significant role in the way we understand the world at the
present time [1]. The contributions of biotechnology to different fields are wide, from the
development of new resistant crops, the availability of novel biofuels, pharmaceuticals,
and industrial chemicals to the generation of innovative vaccines and genome editing
techniques [2]. Regardless, the Survey on Public Perception of Science and Technology
in Mexico (ENPECYT)—aimed at obtaining statistical information to generate indicators
that measure the knowledge, understanding, and attitude of adults towards scientific
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and technological activities—revealed a slight decline in overall interest in scientific and
technological advancements from 2015 to 2017, with the exception of biotechnology, which
increased in interest during the same period [3]. Undoubtedly, it is imperative for future
medical practitioners to acquire comprehensive knowledge regarding biotechnological
applications and the underlying physical and chemical principles. Future doctors must
respond to the needs of the society they will serve. Hence, the lack of understanding of the
true potential of biotechnology and misconceptions about its effectiveness and safety can
affect future health professionals’ views and attitudes towards this field. Thus, the way
in which biotechnology is taught and assimilated by medical students may shape their
perspectives and decisions regarding this field [4]. On the other hand, new technologies
and simulations are changing teaching-learning processes across fields [5]. Continuous
adaptation and integration of innovations are needed due to rapid advancements and
the eventual obsolescence of applications [6]. The COVID-19 pandemic has accelerated
the transition from conventional laboratory-based practices to virtual laboratories (VLs)
because in-person laboratory practices were suspended in many universities around the
world, including Mexico. Laboratory practices in the biotechnology area are difficult to
replace with other resources because a student’s active role and hands-on experience are
paramount for learning [7]. As a result, VLs have changed the education system by offering
students interactive and immersive learning experiences [5]. During the pandemic, social
distancing, constant cleaning of surfaces, handwashing, and other hygiene measures re-
quired were also solved by virtual alternatives [8,9]. In this context, the main components
of successful learning contributed by VL platforms are as follows: (1) the ability to offer
repetitive practice under a controlled environment, (2) self-directed learning, (3) reducing
infrastructure and supply requirements, (4) eliminating biosafety concerns, (5) verifying
construct validity, and (6) allowing experiments that take a long time with high costs to be
completed [10,11] (Table 1).

Table 1. Comparison of virtual laboratory vs. in-person laboratory approaches in course practices.

Practices
Approach - —
Lab Safety DNA Electrophoresis DNA Quantification
Allows students to
experience
consequences of Allows the virtual
laboratory accidents . .
. . . . manipulation of DNA
in a safe way in an Provides a simulated
. . - samples and the
immersive and environment for . -
. o . . simulation of
Virtual laboratory exciting environment performing DNA . o
. . different conditions
(non-face-to-face) that facilitates electrophoresis
. . . . that the sample may
learning biosafety experiments (saving

present such as
contamination with
salts or protein.

accident prevention
measures, for
example, the use of
PPE and following
protocols.

time and costs).

Permits direct

Provides hands-on Allows direct

In-person laboratory
(face-to-face)

supervision and
guidance from
instructors to ensure
lab safety protocols

experience in
preparing gels and
performing DNA
electrophoresis.

manipulation of DNA
samples and the
equipment to
quantify the results.

are followed.

In higher education, particularly in the biomedical field, fostering students’ intellec-
tual abilities to the highest degree is paramount. This empowers them to comprehend,
analyze, and address intricate health challenges while delving into biological phenomena.
Achieving this objective necessitates not only comprehensive clinical preparation but also
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a foundation in basic science education, rigorous training, and the strategic integration
of technology. Therefore, amidst the diverse array of digital platforms and immersive
environments for online practices, selecting resources that effectively facilitate the teaching—
learning process is crucial. This approach cultivates essential intellectual capabilities while
enriching the educational experience. Instilling a positive perspective on biotechnological
applications in medicine also promotes the future translation of acquired knowledge into
clinical practice [12].

We hypothesized that the experience of students with an interactive course about
biotechnology applied to medicine using VL may have the potential to positively influence
their perceptions and attitudes towards biotechnology. Therefore, the aim of this study was
to explore the perceptions and attitudes of medical students towards biotechnology both
before and after participating in a course where VL played a pivotal role. Additionally,
the study sought to understand the students’ experiences with the platforms and the
practices implemented.

2. Materials and Methods
2.1. Participants and Project Approval

The study was performed at the Faculty of Medicine, Academic Unit of Health Sciences,
Autonomous University of Guadalajara (Universidad Auténoma de Guadalajara), which is
a private catholic school that offers medicine among its careers and receives national and
international students seeking a high quality education. The course “Biotechnology applied
to medicine” was newly implemented in 2020 and was required to demonstrate that at
least 80% of laboratory training was planned to be in-person. But, when the pandemic was
declared in Mexico (March 2020), virtual laboratory platforms were evaluated to cover the
preparation of medical students. This study was approved by the institutional authorities
in accordance with the regulations applicable at that time.

2.2. The Course

The course was taught 8 h per week for three weeks using Moodle as the learning
management system. Videoconferences were performed using Microsoft Teams, distributed
in daily sessions of two hours, in which one hour was for lectures and one hour was for
virtual laboratory training. Five topics and three virtual trainings were included according
to the objectives of the course (Figure 1). The topics were as follows: (1) concepts and history,
(2) molecular diagnosis and prognosis of diseases, (3) drug development, (4) cell therapy
and tissue engineering, and (5) gene therapy and gene vaccines. The course was organized
and imparted after the confinement was decreed by the authorities and presence-based
laboratory practices were suspended state-wide, therefore online platforms for carrying
out practices were selected.

2.3. Platforms

The platforms were selected based on the fact that they covered step-by-step lab
safety instruction, the techniques of nucleic acid isolation, quantitative and qualitative
assessment of DNA, and problem solving with medical examples using these techniques
in accordance with the learning objectives of our program (Figure 1). By the time our
course was implemented, these platforms were freely available. The VL platforms and
practice activities were meticulously chosen to ensure that students not only grasped
the fundamental principles of the techniques but also developed the ability to apply
them when addressing future clinical challenges. For instance, students were taught the
electrophoresis technique not just as a standalone procedure but also as a tool for solving
human identification problems in a virtual environment. This approach facilitated the
integration of their foundational knowledge into the resolution of real-world clinical issues.
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Figure 1. Learning objectives pursued through the use of virtual platforms during the course.

2.3.1. Labster

Labster provides virtual laboratory simulations in the field of biosafety, among oth-
ers. The simulations offer a realistic and immersive experience for understanding the
fundamental principles of biosafety. These simulations are designed to promote safety
and best practices in the laboratory by enabling students to learn through a highly interac-
tive and engaging platform. As a result, the students develop a deeper understanding of
safety protocols, ultimately preventing accidents in the laboratory. For instance, with these
simulations, students can test different scenarios and make mistakes without any risk to
themselves or others, allowing in this way to think what to do if a lab accident happens [13].
They learn when to use personal protective equipment, including safety glasses, gloves, and
lab coats. This simulation was freely available, and a Spanish version of the instructions
was available and worked properly in most electronic devices (https://www.labster.com/,
accesed on 9 November 2020).

2.3.2. PraxiLabs

The PraxiLabs platform offers a range of laboratory simulations that cater to different
fields of study from biology and chemistry to physics and engineering. The simulations
provide students with a realistic and safe environment for experimenting without the
need for expensive and often hazardous equipment. With the PraxiLabs platform, the
students can practice their lab skills by carefully measuring and transferring liquids with
virtual pipettes and prepare DNA separation matrices by virtually heating, pouring, and
solidifying an agarose solution. These interactive exercises help reduce the gap between
theoretical knowledge and practical application, allowing students to set their understand-
ing of complex scientific concepts as they apply them in simulated lab scenarios [14]. We
used it because it allows to perform a simulation to obtain DNA and prepare agarose gels
for electrophoresis in a comprehensive manner. At the time of our practices, it was freely
available (https:/ /praxilabs.com/, accesed on 9 November 2020).

2.3.3. Cibertorio

Cibertorio (https:/ /biomodel.uah.es/lab/cibertorio/, accesed on 26 January 2024) is a
VL platform where students can carry out experiments and learn the necessary techniques
and methods for biological sciences. Through the use of virtual tools, students can manipu-
late molecules and observe their behavior in an interactive and safe environment [15,16].
Unlike other platforms, in Cibertorio, students are able to select a problem, obtain a quote
for which reagents to use, and perform exercises, all of which are included in the simulation.
The techniques available at the time of our study were DNA fragmentation with restriction
enzymes (RFLP polymorphism assays), PCR amplification, and gel electrophoretic separa-
tion of DNA fragments. This platform resulted in being particularly useful for integration
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of knowledge via problem-based learning (PBL) because students not only reviewed a
molecular technique but also performed work planning and critical thinking. Therefore,
this platform was selected for a final assignment in which students were expected to read,
investigate, and perform the simulation of a specific problem, for instance, detection of
SARS-CoV-2 using PCR, among other real life-based problems.

2.4. Questionnaire

In order to gain insights into students’ perceptions and attitudes towards biotechnol-
ogy before and after the course, a 5-point Likert scale (5 = totally disagree, 4 = disagree,
3 =neutral, 2 = agree, 1 = totally agree) was used. The questionnaire used in this study
was adapted and translated from a previously published study [17] to ensure its compre-
hensibility among medical students in Mexico. To ensure the reliability of the modified
questionnaire, we conducted a test for internal consistency using Cronbach’s alpha that re-
sulted in 0.88 (Spanish version of the questionnaire with 38 items) (Table 2), which exceeded
the threshold of 0.7 for acceptability.

Table 2. Students’ perceptions and attitudes towards biotechnology changes before and after

the course.
Perceptions Ttem
and Attitudes -Value
It is acceptable to direct the genetic material of an organism by the following:
. . . (a) Inserting a foreign gene; 0.19
1 Genetic manipulation (b) Blocking expression of an existing gene; 0.15
statements (c) Using selective breeding programs; 0.72
(d) Artificial insemination. 0.88
It is acceptable to combine genes between the following:
. - (a) The same plant species; 0.80
2 Genetic recombination (b) Different plant species; 0.001
statements (c) The same animal species; 0.10
(d) Different animal species. 0.02
Cloning plants is acceptable for the following:
(a) Food for human consumption; 0.39
(b) Non-food products; 0.01
(c) Medical purposes. 0.37
3 Cloning statements Cloning animals is an acceptable form of reproduction for the following:
(a) Food for human consumption; 0.19
(b) Food for animal feed; 0.19
(c) Maintaining purity in show breeds; 0.52
(d) Medical research uses. 0.05
(a) Genetically altered food should be labeled; 0.53
(b) Genetically altered foods are superior to traditional ones; 0.16
. (c) Biotechnology may alleviate world food shortages; 0.6
4 Genetically altered food (d) It is acceptable to genetically engineer plants for food; 0.32
statements (e) Cloning plants is acceptable for food for human consumption; 0.14
(f) Genetically altered organisms such as animals are safe to eat; 0.04
(g) Cloning animals is an acceptable form of reproduction for food for human consumption. 0.36
An individual’s genetic profile should be available to the following:
(a) The individual; 0.69
(b) Potential carriers; 0.03
. . (c) Insurance companies. 0.54
5 Legal issues of biotechnology It is acceptable to patent the following as genetically altered:
statements (a) Bacterium; 0.80
(b) Plant; 0.65
(c) Animal such as a mouse. 0.80
(d) Animal such as a monkey. 0.66
Genetically altered organisms
(a) Disrupt the balance of nature; 0.02
(b) Present a health hazard. 0.29
6 Risks of biotechnology The risk of genetic engineering is as follows:
statements (a) Outweighed by the benefits; 0.09
(b) Minimal due to strict safety regulations; 0.15
(c) Biotechnology may contribute to the disappearance of small farms; 0.95
(d) The risk of genetic engineering is that society’s tolerance of people with disabilities will 0.09
decrease. ’
Biotechnology may
” Benefits of biotechnology (a) Enhance the quality of life; 0.01
statements (b) Alleviate world food shortages; 0.61

(c) Create new job opportunities. 0.10
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To explore the general experience of students using virtual laboratory platforms used
during the course, an online survey was answered by the students. The instruction was
“Please rate your experience using virtual platforms”. Then, a 5-point Likert scale was
used to rate platforms with sentences containing options (1 = poor; 2 = fair; 3 = good;
4 = very good; 5 = excellent). The assessment of student preferences and difficulties in
performing practices in Cibertorio was conducted in the following manner: Preferences
were determined by the number of teams that chose a particular practice as their top choice
for presentation. Difficulty was evaluated by the number of errors made by teams during
their presentations, which were categorized on a scale of 1 to 5; a rating of 1 indicated a
low preference and low frequency of errors, while a rating of 5 indicated a high preference
and frequency of errors.

2.5. Data Analysis

An exploratory analysis of the data was performed to determine normality. Data were
not normally distributed. Thus, the non-parametric paired samples Wilcoxon test was used
to compare paired data derived from pre- and post-questionnaires. SPSS Statistics 26.0
(Chicago, IL, USA) was used for data processing.

3. Results
3.1. Perceptions and Attitudes towards Biotechnology

Herein, we explored the perceptions and attitudes of third-year medical students
towards biotechnology before and after the course, with emphasis on the experience using
VL. In total, 210 third-year medical students completed the online questionnaire (79.3%
response rate). About 47.6% of participants were female (n = 100) and 52.3% were male
(n =110). Although it was not expected to observe significant changes in perceptions and
attitudes after only a three-week course, 7 out of 38 items showed significant changes, with
p-values lower than 0.05 (Table 2).

Table 2 presents the questionnaire items, encompassing those that exhibited notewor-
thy alterations following the course. Subsequently, Figures 2-5 delineate the manner in
which the students” perceptions and attitudes changed. The responses that did not show
any change are available in the Supplementary Materials, as well as the complete version
of the questionnaire in English and in Spanish.

Another objective of the present work was to gain insights into students’ experiences
with the different virtual laboratory platforms. In this regard, all the platforms received
satisfactory ratings, and no differences were found among them (p = 0.36). “Very good”
and “Excellent” were the categories with the highest percentages and less than 2% was
rated as poor in all platforms (Table 3).

Table 3. Overall student experience with the different virtual laboratory platforms.

Platform/Experience P(())or Foalr G(?Od VeryoGood Excsllent
%o %o Yo %o %o
LABSTER 0.5 5.8 20.2 33.7 39.9
PraxiLabs 14 6.7 23.1 34.6 34

Cibertorio 1.9 10.1 21.6 37 29.3
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Different animal
species.

AFTER
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Figure 2. Responses to genetic recombination statements before and after the course. Upper panel
shows the significant change on perception regarding combining genes between different plant
species (Wilcoxon test p = 0.001). Lower panel shows the significant change in perceptions regarding
combining genes between different animal species (Wilcoxon test p = 0.02).

BEFORE

Cloning plants is acceptable

for Non-food products.
AFTER

0 10 20 30 40 50

= Totally Agree Agree Neutral = Disagree = Totally Disagree

BEFORE

Genetically altered
organisms such

as animals are safe to eat.
AFTER
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Figure 3. Sentences related to cloning plants for non-food products and the safety of genetically
altered animals for eating. Upper panel shows the significant change on perception regarding cloning
plants for non-food products. (Wilcoxon test p = 0.01). Lower panel shows the significant change in
perceptions regarding food safety in genetically altered animals (Wilcoxon test p = 0.04).
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Figure 4. Sentences related to legal issues and risks of biotechnology. Upper panel shows the
significant change on perception regarding availability for genetic profiles for potential carriers.
(Wilcoxon test p = 0.03). Lower panel shows the significant change in perceptions regarding the
disruption of the balance of nature by genetically altered organisms (Wilcoxon test p = 0.02).

Biotechnology may enhance the quality of life.
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Figure 5. Responses regarding benefits of biotechnology. The panel shows the significant change in
perception regarding the capability of biotechnology to enhance the quality of life (Wilcoxon test
p =0.01).

3.2. Students’ Preferences Regarding Problem-Based Learning and the Difficulty Level
in Cibertorio

Another objective of the present work was to identify the preferences of our students
regarding the practices offered in the Cibertorio platform and to recognize the degree of
difficulty of such practices (Figure 6). Although in general all the platforms used during the
course received good opinions from our students, potentials and pitfalls among platforms
still exist. Among the selected practices in Cibertorio, most students had “SARS-CoV-2
detection by PCR assay” as first choice, followed by analysis of contaminated food and
forensic analysis using RFLP. Nevertheless, in our experience, the number of errors per-
formed by the students in each case showed that the most difficult exercise in that platform
was molecular diagnosis of beta S globin using RFLP and SARS-CoV-2 detection by PCR
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assay (Table 2). Most errors arose from data interpretation, like the need for constitutive
gene controls required in some PCR reactions. A guide to solve each case is available,
indicating which virtual tool and reagents should be used (Figure 7).

6
5
S
3
2
, AN I I []
0
Analysis of Forensic Forensic SARS-CoV-2 Molecular

contaminated analysis using analysis using detectionby  diagnosis of

food RFLP STIR PCR assay beta S globin

using RFLP

B Preferences M Difficulty

Figure 6. Students’ preferences and the difficulty levels of practices in Cibertorio. The graph shows
the teams’ preferences (in blue) for presenting the practices at the exhibition, defined as the number
of teams that selected the practice as their first choice. The difficulty (in orange) is expressed as the
number of errors made by the teams that presented the practice, categorized from 1 to 5, with 1 being

the lowest preference and frequency of errors, and 5 being the highest preference and frequency
of errors.
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Figure 7. Example of problem-based learning about human identification by PCR and electrophoresis
in Cibertorio. Upper panel shows the following: (a) the graphical display of electrophoresis showing
volts, positive and negative positions in the gel, and charged samples (blue); (b) configuration of
users can be modified according to expertise (two stars means intermediate level); (c) instructions
and human identification problems to be solved in Cibertorio; and (d) data interpretation showing
differences in the length of fragments of individuals after PCR and electrophoresis.
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4. Discussion

In this study, we aimed to investigate medical students’ perceptions and attitudes
towards biotechnology before and after completing a course involving VL. We also wanted
to know the students’ experiences with the platforms and practices used. The primary
objective of this study was to ascertain whether this online course could successfully change
student perceptions and attitudes, thereby enhancing the overall learning experience. The
conventional laboratory practices (wet-lab) we planned for students before the pandemic
would be conducted in person with certain limitations. However, the pandemic and lock-
down forced us to move to a fully online approach. This experience showed that the shift
to online delivery has proven to be beneficial, allowing for the implementation of practices
that would have been challenging or impossible in a conventional face-to-face setting, even
without the restrictions imposed by the pandemic. For example, DNA quantification, which
necessitates the use of spectrophotometry equipment such as Nanodrops, was effectively
carried out using the Cibertorio virtual platform. This overcame the constraints of our
teaching laboratories. Likewise, PCR reactions and the subsequent interpretation of results
were successfully performed virtually. The in-person execution of these two-hour practices
would have been impractical due to the extensive preparation, running time, and data
analysis required. Furthermore, the cost of reagent consumables and infrastructure would
have presented significant limitations for in-person implementation. The use of virtual
platforms for remote learning not only facilitated the execution of these practices but also
enhanced the overall learning experience. Various studies, including those by AbuQa-
mar [18] et al., Orhan et al. [1], and Ching-pong Poo et al. [5] have emphasized the need for
improved biotechnology education to enhance public understanding and acceptance of
this technology. Our study aligns with these findings, demonstrating that the incorporation
of VL can effectively enhance student perceptions of biotechnology, potentially surpassing
the impact of traditional in-person laboratory experiences.

A didactic principle involved in the use of VL to teach biotechnology to students is,
for example, active learning, since VL allow students to learn while being the center of their
own educational experience, since they are the ones who carry out the experiments, ask
questions, and make observations. This allows them to acquire knowledge and skills in a
significant way. Additionally, according to the principle of adaptation to individual needs,
VL can offer personalized learning [19] by adapting to the individual needs of students
as they can modify different levels of difficulty and support resources, particularly in the
case of the Cibertorio platform. These principles are based on constructivist theories of
learning, which sustain that students learn by creating their own knowledge from their
experiences [20,21]. VL offers students the opportunity to experiment with biotechnology
in a safe and realistic way, allowing them to develop a deep understanding of this discipline.
VL can also be used to promote the development of critical thinking skills because VL
requires students to analyze the data rigorously to draw conclusions from experiments.
This helps them improve skills such as problem solving, decision making, and scientific
reasoning. This allows all students to develop their capabilities favoring the changing
roles in education, where the professor is a guide and the students become protagonists of
their own knowledge. Hence, VL platforms enable teachers to remotely supervise students
conducting experiments that, when performed in person, represent potential risks due
to inexperience with handling substances and equipment. This minimizes the physical
strain on teachers and optimizes resource utilization by balancing the educational triangle
(institution, teacher, student), ultimately enhancing student learning without increasing
costs or teacher fatigue.

It is worth noting that virtual laboratories are a valuable tool in biotechnology edu-
cation; however, they do have limitations. One major drawback is the lack of dexterity
and psychomotor skills that are essential for hands-on experimentation and technique
execution. Consequently, students may not acquire vital laboratory skills like pipetting and
equipment manipulation. Moreover, the extensive screen time required by these platforms
can lead to student disengagement. Additionally, the predominantly individualistic nature
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of virtual laboratories can hinder the development of collaborative skills and peer learning,
both of which are crucial for scientific education. Furthermore, these platforms may be
inaccessible to some students due to software prerequisites. Notably, two out of the three
platforms used in this study are owned by private entities. Although these platforms were
freely accessible during the course, the companies may impose usage fees in the future,
potentially eliminating the permanent free-access feature. Technological obsolescence is
another concern, as it can impact student motivation and reduce interactivity, thereby
reducing the effectiveness of virtual reality labs as educational tools [6]. To mitigate this,
regular updates and potential redesigns are necessary. However, commercial platforms like
Labster and PraxiLabs are expected to adapt to compatibility changes. On the other hand,
Cibertorio, being a non-commercial open platform under the Creative Commons license
and using browser-supported formats like HTMLS5, JavaScript, and CSS, is less likely to
face obsolescence. Moreover, it offers opportunities for future updates by interested parties.

Therefore, a separate study is needed to evaluate the effectiveness of virtual laborato-
ries in facilitating knowledge acquisition.

Perceptions are the meanings, images, and beliefs that people have [22]. The media can
influence these perceptions positively by focusing on the potential benefits or negatively
by focusing on the risks involved. For example, media coverage of biotechnology has
focused on the multiple benefits of new medications and treatments against cancer or the
reduction of hunger by optimizing the properties of plants of agro-alimentary interest [23].
However, media coverage has also highlighted the potential risks of genetic engineering,
such as the reduction or elimination of native species or the risk that genetic testing will
affect access to health coverage by insurance companies or lead to acts of discrimination
due to physical disabilities or physiological defects. These distorted representations of
biotechnology can lead students to develop negative attitudes towards biotechnology. In
addition, factors such as personal beliefs, religious values, and cultural norms may modify
students’ emotional responses, which can be positive, negative, or neutral and can greatly
impact their motivation and engagement for learning.

As indicated by the changes in perceptions after the course, it is clear that exposure
to information and education using VL increases the acceptance and understanding of
biotechnology. For instance, one of the practices considered a favorite by most students
due to its simplicity was to detect food contamination with DNA from different animal
species (Figure 6). Understanding how to detect genetically modified organisms (GMOs)
can help improve public perception of their use in food products, especially when they are
clearly labeled before being sold. Educational experiences that teach students how to detect
foreign DNA in food can foster informed opinions about the labeling and consumption
of GMOs. Interestingly, despite concerns about GMOs, our research suggests that clear
information and regulations can influence acceptance among students. This is concordant
with the results found by Rathod and collaborators, where a positive attitude towards
GMOs and foods was observed in relation to knowledge about them [24]. On the other
hand, a study at Riyadh University found almost no willingness to purchase or try GMO
products. Moreover, that study revealed that the students considered GM foods harmful
and could not be easily detected [25]. Interestingly, our data showed that the acceptance of
genetic manipulation varied according to the purpose and type of organism involved. For
example, although it was generally acceptable to combine genes within the same species,
the idea of inserting foreign genes or cloning animals for human consumption was per-
ceived as not acceptable, while doing so in plants received a more positive view. This is
concordant with previous findings in a study of high school students in which most par-
ticipants demonstrated positive attitudes towards different applications of biotechnology,
except when animal manipulation was involved [26]. On the other hand, the regulation
or blockade of genes within the organism received better perception than gene transfer.
Our data suggest that the level of acceptance varied according to the perceived benefits
and risks of biotechnology. Most of the students perceived the uses of biotechnology as
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justifiable or positive when it came to medical purposes or when used to prevent diseases
in potential carriers.

With regard to the field of clinical applications of biotechnology, a recent study found
that many American doctors do not feel adequately prepared to apply medical genetics
and genomics in a clinical setting [27]. This self-perception of lack of preparedness may
be attributed to inadequate training during their education and limited access to genetic
expertise. Also, a recent study showed that 72.6% of the students would be able to iden-
tify patients in their future practice who could benefit from genetic testing. It may be
advised that better education could lead to more confident physicians in genetic testing
practices [28]. Therefore, it is worth highlighting that some of the practices in Cibertorio
involve the detection of carriers of genetic diseases and the determination of genetic profiles
through laboratory techniques carried out in virtual environments, for which we hypothe-
size that this experience provides a realistic and integral perspective to the students so that
they have an objective view of the applications of biotechnology in medicine that makes
them feel more confident in their future medical practice. While the increase in students’
perception of biotechnology as a job-creating field did not reach statistical significance, it
still warrants attention as it aligned with the aforementioned concerns regarding the impact
of biotechnology on employment opportunities.

While additional research is needed, our data suggest that students have concerns
about the potential misuse of biotechnology, particularly regarding genetic information
discrimination. Despite Mexican regulations protecting the confidentiality of genetic infor-
mation, students may feel their rights are not adequately protected. The recent introduction
of this course into their medical program may contribute to students” hesitation. Thus,
issues such as anxiety, depression, and stigmatization associated with genetic testing need
to be addressed in the classroom.

Students’ concerns also extend to biotechnological animal experimentation, partic-
ularly the unpredictable outcomes of genome modification. Conducting our study at
a catholic university with conservative values highlights the ethical considerations of
significantly altering organisms and disrupting nature’s balance.

These findings emphasize the importance of addressing these topics in class to alleviate
students’ concerns and clarify their doubts about the ethical and legal aspects of using
genetic information and the consequences of animal experimentation in biotechnology.

It is important to mention that our study focused specifically on students” perceptions
and attitudes towards biotechnology, so academic performance was not measured. Despite
this, various studies have shown that the use of VL can have a positive impact on both
perceptions [29] and the knowledge acquired by students. Controversially, other studies
have found no effect of VL on students’ knowledge [30,31]. For example, in the study by
Ibrahim et al. [32], two virtual biochemistry practices were used for university students. The
results were contrasting when evaluating performance and knowledge assimilation; one of
the tools showed a positive result, while the other showed low performance. This corre-
sponds with our findings regarding student performance in problem-solving in Cibertorio.
One of the students’ preferred practices, the detection of COVID-19 by PCR, was also one
of those that presented the most errors by the students. Therefore, it is crucial to highlight
that the selection of practices in VL must be careful and in line with learning objectives.

We propose that biotechnology applied to medicine could combine in-person and
virtual laboratory practices. This innovative teaching method aims not only to improve
knowledge but also to enhance the perceptions and attitudes of future physicians, ultimately
benefiting both their professional growth and the society they serve. While further research
is needed to quantify the impact of VL on knowledge acquisition in such a short course,
our study reveals the potential of VL to rapidly reshape student perspectives and attitudes.
This shift, fostered by a more positive perception of biotechnology’s medical applications,
can be vital in sparking interest and engagement with this crucial subject. Our findings
offer valuable insights for institutions seeking to correct student misconceptions and
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negative attitudes, particularly in contexts lacking information or that are riddled with
misinformation about the medical potential of biotechnology.

5. Conclusions

In conclusion, our study demonstrates that virtual laboratories can effectively change
the attitudes and perceptions of medical students towards biotechnology in a short span
of time. Our study also reveals the topics that captivated the students’ interest during
the practices, as well as the frequent errors they committed while performing or interpret-
ing them. Virtual laboratories can enhance the learning experience by complementing
face-to-face practices and improving the teaching-learning process. Moreover, our study
uncovers some issues that students had regarding the use of genetic information and animal
experimentation in biotechnology applied to medicine, which should be discussed during
the classes. Nevertheless, further research that include open-ended questions and other
biotechnology questions regarding genome editing, tissue engineering, and nanotechnol-
ogy can expand our perspective of the scope of virtual laboratories on various variables of
educational interest for doctors in training.
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