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Immersive virtual reality (VR) simulations are increasingly being used in diverse 
educational and training contexts to supplement traditional learning methods. 
The high versatility of virtual laboratories allows students to take advantage 
of many benefits, like experiencing dangerous reactions, time-consuming 
protocols, or expensive equipment without the necessity of a real science 
laboratory. However, little research is currently available to support the efficacy 
and efficiency of this new learning tool. In this context, the main objective of this 
study was to assess the influence of biotechnology training by using immersive VR 
technologies on the student’s motivational and learning outcomes as compared 
with learning with conventional methods only. To this aim we tested two diverse 
strategies, respectively VR simulations were used in place of or in addition to 
the teacher’s introductory lesson of a hands-on laboratory experience. Aligned 
questionaries were administered before and after the proposed activities to 
assess theoretical knowledge, self-efficacy, interest in biotechnology, and 
engagement of the participants. We found that when the introductory lesson to 
a biotechnology hands-on laboratory is replaced with an equivalent immersive 
VR simulation, the student’s learning outcomes are lower with respect to the 
traditional approach. On the contrary, when VR simulations are integrated as 
an additional tool to the existing learning methods, higher learning outcomes 
were observed demonstrating a deeper understanding of the learning contents. 
Furthermore, our study showed that learning with immersive VR simulations 
motivates students more than the traditional methods, thus, using this new 
technology in addition to the existing educational methods in biotechnology 
could be considered as a win-win strategy to raise the attention of the students 
while increasing the learning outcomes.
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1 Introduction

Educational institutions have found in technology a variety of 
innovative solutions to solve problems such as the inability to conduct 
in-person classes or perform hands-on laboratory experiences during 
the COVID-19 pandemic, boosting the development of new learning 
approaches. Consequently, virtual learning laboratory simulations are 
increasingly being used in diverse educational and training contexts 
to supplement traditional educational methods (Wismer et al., 2021). 
The high versatility of virtual learning allows students to take 
advantage of its benefits in many different fields, from chemistry 
(Jumbri and Ishak, 2022) to engineering (Schnieder et  al., 2022), 
passing through medicine (Carnevale et al., 2022) and biotechnology 
(Bonde et al., 2014). Previous research has shown that virtual learning 
simulations provide important educational benefits such as cost-
effective access to state-of-the-art training equipment and learning 
tools, beyond what many teaching institutions would be  able to 
provide (Thisgaard and Makransky, 2017). Furthermore, virtual 
simulations make it possible for students to engage in realistic 
scenarios that may not be possible to experience in real life because 
they may be too dangerous, time-consuming, or expensive (Thisgaard 
and Makransky, 2017), allowing the students to engage in trials and 
errors (Eastwood and Sadler, 2013). Importantly, the laboratory 
experience is not limited to the availability of an equipped laboratory, 
as virtual learning can be  located in a variety of other spaces 
(Makransky et al., 2016). The requirement for laboratory work shifts 
from being location-dependent to device-dependent (Soliman et al., 
2021), allowing the possibility to practice even at home (Makransky 
et al., 2019b). Distance learners with their own headsets could benefit 
from being able to experience the same level of education as students 
on campus when unable to attend the hands-on laboratory, as in the 
case of social distancing periods imposed by a pandemic outbreak 
(Soliman et al., 2021).

While it is true that desktop virtual reality (VR) laboratory 
simulations provide visual experiences and learning, they do not 
replicate the process of handling equipment and materials. In this 
context, immersive VR laboratory simulations, accessed through 
head-mounted displays, are predicted to further raise the bar of 
virtual learning allowing for realistic sensations of grabbing, 
interacting, and moving objects around, just as in a real laboratory 
(Bodekaer, 2016). As a consequence of the price drop of VR devices, 
many companies and educational institutions are investing significant 
resources in developing new VR educational tools, with the 
expectation that a higher level of immersion will increase student 
motivation (Makransky et al., 2019a), interest in science (Makransky 
et al., 2020), and learning (Makransky et al., 2019c). Consequently, 
the field of virtual learning is rapidly developing, and little research 
is currently available to support the efficacy and efficiency of these 
new virtual and highly immersive learning tools, especially in the 
field of biotechnology. Among the available literature, there is 
agreement in stating that immersive virtual reality can increase 
interest in science, self-efficacy, enjoyment, intrinsic motivation, and 
engagement (Parong and Mayer, 2018; Makransky et  al., 2020; 
Sviridova et al., 2023). On the contrary, the results regarding learning 
outcomes are contradictory. Some studies found that immersive VR 
technologies are equivalent in conveying basic knowledge when 
compared to conventional learning methods (Makransky et  al., 
2019a; Sviridova et al., 2023), while other authors found that students 

who joined the VR approach in place of the conventional method 
performed worse than the control group (Parong and Mayer, 2018; 
Makransky et al., 2019c). The latter suggested that this outcome was 
due to the significant presence of non-essential visual stimuli in VR 
simulations, which distracted the learner from the essential content 
and increased the overall cognitive load (Makransky et al., 2019c; 
Chan et al., 2021). Furthermore, we found a lack of data concerning 
the use of VR simulation in addition to the conventional methods in 
biotechnology teaching, instead of using it in place of the 
existing methods.

To test these two diverse strategies to improve students’ learning 
outcomes with immersive VR technologies, we  performed two 
independent studies, respectively, introducing VR simulations in place 
of or in addition to the teacher’s introductory lesson to a hands-on 
laboratory experience. Theoretical knowledge, self-efficacy, interest in 
biotechnology, and engagement were assessed with dedicated 
questionaries before and after the proposed activities. Based on the 
currently available literature, our two-fold hypothesis was that (i) 
using immersive VR simulations in place of the traditional face-to-face 
lesson could increase the students’ motivational outcomes like interest 
in biotechnology, self-efficacy and engagement while not affecting the 
learning outcomes and (ii) using immersive VR simulations in 
addition to the traditional lesson could allow obtaining both higher 
motivational outcomes and higher learning outcomes.

2 Materials and methods

2.1 Participants

In Study 1 the sample consisted of 92 students from 4 different 
high schools in north-western Italy (Varese, Lombardy region). 
Biotechnology was the main focus of each school’s scholastic program. 
Among the participants, 2% of the students were attending their 
second year, 60% in their third year, 24% in their fourth year, and 14% 
in their fifth year of high school. The average age was 17.6 years 
(SD = 0.96), 67% were females and 33% were males. Half of the 
students had already dealt in class with the arguments addressed 
during the present study, while only 31% had already done something 
similar in a hands-on laboratory during their studies. Among the 
participants who used the VR simulations, 23.1% had already used VR 
headsets before, 10.3% declared to have only little experience with 
them, and 66.7% had never used a VR headset before. The study took 
place as part of the educational guidance program of the University of 
Insubria (Varese – Italy) for local high school students.

In Study 2 the sample consisted of 94 students from the Organic 
Chemistry course in the first year of the Biological Sciences B.S. degree 
at the University of Insubria (Varese – Italy). Among the participants, 
64% were females and 36% were males, with an average age of 
20.2 years (SD = 0.90). In their previous studies, 34% of the students 
had already done chemistry experience in a laboratory while the other 
66% had no or little experience with a chemistry laboratory. Regarding 
the specific argument addressed in this study, i.e., caffeine extraction, 
57% of students had already dealt with it during previous studies while 
only 13% had already performed this experience in a hands-on 
laboratory. Among the participants who used the VR headsets, 25.0% 
had already used them before, 8.3% declared to have only little 
experience with them, and 66.7% had never used a VR headset before.
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2.2 Procedure and questionnaire 
administering

In Study 1 the participants performed the laboratory activity in 
groups of 10–20 students, according to the class size.

(1) All participants received oral information describing the 
experiments and the aim of the research and were asked to compile 
the Pre-test using personal smartphones.

(2) The class was randomly split into two groups to follow an 
introductory lesson with two different approaches (Figure 1-Study1):

 (i) The traditional group (control) received a 1-h conventional 
lesson from a university teacher consisting of an oral speech 
supported by a slideshow. The lessons included a complete 
overview of the equipment and reagents that will be used in the 
subsequent hands-on part of the laboratory as well as the 
theoretical concepts necessary to understand the procedures. 
At the end of the lesson, students were asked to compile the 
Mid-test followed by a short break.

 (ii) The virtual reality group used the VR laboratory simulation in 
place of the conventional lesson from the university teacher. 
This group followed a short introduction on how to use VR 
headsets and performed a 10-min tutorial followed by the two 
virtual laboratories of plasmid DNA extraction (25 min.) and 
Polymerase Chain Reaction (20 min.). The VR laboratory 
simulations provided a comprehensive overview of the 
equipment and reagents that will be utilized in the following 
hands-on part of the laboratory, along with the theoretical 
concepts essential for comprehending the procedures. Further 
details about the VR laboratory simulations are presented in 
paragraph 2.3. At the end of the simulation, students were 
asked to compile the Mid-test followed by a short break.

(3) In the second part of the laboratory, the two groups joined 
together for the hands-on part (3 h). Supervised by two tutors and the 
teacher, the participants received step-by-step instructions to perform 
a plasmid DNA extraction using the ZymoPURE™ Plasmid Miniprep 
Kit (Zymo Research) and DNA quantification using the NanoDrop™ 
One spectrophotometer (Thermo Scientific), followed by the setup of 
a polymerase chain reaction (PCR) and gel electrophoresis. The 
students learned how to use the molecular biology laboratory 
equipment (like micropipettes, centrifuge, and thermal cycler) and the 
specific reagents (like buffers, enzymes, and primers). To understand 
how each step of the procedure works, the functioning of each specific 
reagent and instrument was explained while proceeding with the 
laboratory experience. Immediately after finishing the hands-on 
laboratory, students were asked to compile the Post-test.

In Study 2 the participants were split into 5 turns attended by 
approximately 20 participants each.

(1) The conventional introductory lesson was taught once for all 
participants during a lesson of the Organic Chemistry course, 
approximately 1 week before the hands-on laboratory. All participants 
received oral information describing the aim of the research and were 
asked to compile the Pre-test using personal smartphones. 
Subsequently, the teacher provided a complete overview of the 
techniques and instruments that will be used during the hands-on 
laboratory as well as the theoretical concepts necessary to understand 
the applied procedures via a 1.5-h conventional lesson consisting of 
an oral speech supported by a slideshow.

(2) The hands-on laboratory consisted of standard caffeine extraction 
from coffee with organic solvents and lasted approximately 3 h. The 
students learned how to use the organic chemistry laboratory equipment 
(like funnels, vacuum flasks, and the rotavapor) and the specific solvents 
(like sodium hydroxide, methylene chloride, anhydrous sodium sulfate, 
and acetone). To understand how each step of the procedure works, the 

FIGURE 1

Flow charts illustrating the experimental setup of the 2 studies. In Study 1 VR simulations were used in place of the teacher’s introductory lesson of a 
hands-on laboratory experience, while in Study 2 VR simulations were used in addition to the teacher’s lesson. Green arrows represent the tasks 
carried out by the virtual reality group, while black arrows represent the tasks carried out by the traditional group (control).
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functioning of each specific reagent and instrument was explained while 
proceeding with the laboratory experience. At this stage, two different 
approaches were used (Figure 1-Study 2):

 (i) The participants in the first two turns (traditional group) 
directly performed the hands-on laboratory, as was usually 
done the previous years. After finishing the hands-on 
laboratory, the participants were asked to compile the Post-test.

 (ii) The participants in the other three turns (virtual reality group) 
performed a VR laboratory simulation before the hands-on 
laboratory and in addition to the traditional program. These 
participants received a short introduction on how to use VR 
headsets and performed a 10-min tutorial followed by the 
caffeine extraction VR laboratory (30 min.). The VR laboratory 
simulation included a complete overview of the equipment and 
solvents that will be used in the subsequent hands-on part of 
the laboratory as well as the theoretical concepts necessary to 
understand the procedures. Further details about the VR 
laboratory simulations are presented in paragraph 2.3. After a 
short break, the participants continued with the hands-on 
laboratory (3 h) as was done by the traditional group (control). 
After finishing the hands-on laboratory, the participants were 
asked to compile the Post-test.

(3) During a lesson in the Organic Chemistry course, 30 days after 
the hands-on experience, a retention test (Ret-test) was provided to 
the participants.

2.3 VR laboratory simulations

The immersive virtual reality laboratory simulations used in these 
studies were developed by OpenLab S.R.L. (Peruzzo et al., 2023) and 
administered through the Oculus Quest 2 headsets (Meta). The virtual 
laboratory simulations are set in a realistic laboratory (Figure 2A) and 
utilize hand-tracking technologies to allow realistic interactions with 
pipettes, solutions, and instruments just as in a real laboratory 
(Figures 2B,C). A voice guide provides step-by-step instructions and 
information throughout the simulation flow to guide the student in the 
laboratory experience and provides the theoretical background necessary 
to understand each step of the procedures. The students experience in 
an immersive and realistic virtual environment the use of all the 
equipment, reagents, and solvents that will be used in the subsequent 
hands-on part of the laboratory. Specific virtual supplements allow the 
students to deepen their knowledge of difficult theoretical concepts 
through full immersion in the reaction solution (Figure 2D). In Study 1, 
we  used the plasmid DNA extraction (25 min) and the Polymerase 
Chain Reaction (20 min) laboratory simulations, while in Study 2, the 
caffeine extraction (30 min) simulation was used. Each virtual experience 
was designed to perfectly match the hands-on experience proposed in 
the subsequent real laboratory experience. The simulations were supplied 
in Italian to accommodate the student’s language abilities.

2.4 Outcomes measure and statistical 
analysis

The tests of both studies were anonymous and contained a short 
demographic survey with items concerning age, gender, school grade, 

experience with the topics covered by the laboratories, and experience 
with VR headsets. These data have been used to assess if differences in 
these factors can affect the students’ learning outcomes when studying 
with VR laboratory simulations. In line with previous research 
regarding virtual learning simulations (Makransky et  al., 2016; 
Thisgaard and Makransky, 2017), the learning outcome was assessed 
by measuring the students’ theoretical knowledge via 10 multiple-
choice questions aligned with the laboratory contents. The knowledge 
questions addressed the use of the main reagents and equipment 
taught in the traditional lesson, experienced in the VR laboratory 
simulations, and used in the hands-on part of the laboratory, as well 
as the theoretical concepts necessary to understand the procedures. To 
prevent overalignment, the questions addressed only the information 
that was supplied in both the traditional lessons, the VR laboratory 
simulations, and the hands-on laboratory. A 5-point Likert scale from 
1 (very low) to 5 (very high) (Klingenberg et al., 2023) was used to 
measure interest in biotechnology (3 items) and self-efficacy (5 items). 
The items were adapted from the Interest/Enjoyment scale from the 
Intrinsic Motivation Inventory (Center for Self-Determination 
Theory; Deci et al., 1994) and the Motivated Strategies for Learning 
Questionnaire Manual (Pintrich et  al., 1991). Further questions, 
adapted from previous research regarding virtual learning simulations 
(Makransky et  al., 2019a), investigated the participants’ perceived 
learning, engagement, opinions about the VR laboratories, and the 
laboratory experience in general. The students could access the specific 
test by scanning a QR code with their personal smartphones. All 
questions were presented via Google Forms (Google LLC) and 
administered in Italian to accommodate the student’s language 
abilities. Further details and the translated questions can be found in 
Supplementary Tables S1, S2. The statistical analysis was carried out 
with SPSS Statistics 25.0 (IBM) using the post hoc Dunnett’s test for 
multiple comparisons of data with unequal variances and the 
independent samples Student’s t-test when only two means were 
compared. Statistically significant differences (p < 0.05) between the 
means were marked with the letters a, b, and c for the traditional group 
(control), with the letters x, y, and z for the VR group, and with an 
asterisk for comparisons between the two types of didactic approaches. 
All presented data are summarized in Supplementary Tables S3–S6.

3 Results

3.1 Study 1: virtual reality laboratory 
simulation in place of the traditional 
introductory lesson

The participants in Study 1 were prepared for a biotechnology 
hands-on laboratory with an introductory lesson performed with two 
different approaches. The participants who attended the traditional 
lesson, consisting of an oral speech supported by a slideshow, reported 
a statistically significant increase in their theoretical knowledge, from 
3.0 (Pre-test) up to 6.0 (Mid-test) correct answers out of 10 questions 
(Figure  3A). With the subsequent hands-on laboratory, no further 
knowledge increase was observed (Figure  3A). Diversely, the 
participants who attended the virtual reality (VR) laboratory simulations 
reported a slight knowledge increase, not statistically significant, from 
3.2 (Pre-test) to 3.7 (Mid-test) correct answers (Figure 3A). With the 
subsequent hands-on laboratory, a further slight knowledge increase 
was observed (4.75 correct answers), statistically higher with respect to 
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their initial knowledge (Pre-test) but not significant with respect to their 
intermediate knowledge (Mid-test). When the two didactical 
approaches were compared, no differences were observed between the 
two groups at the beginning of the study (Pre-test), while a significantly 
higher theoretical knowledge level was observed in both Mid- and Post-
test in the participants who attended the traditional lesson with respect 
to the participants who attended the VR simulations (Figure 3A).

The statistical analysis showed that in the Mid-test female students 
have assimilated significantly more information than males from the 
VR simulations (Figure 3B). On the contrary, no differences between 
males and females were observed in participants who attended the 

traditional introductory lesson (Figure 3C). No other differences in 
the students’ learning outcomes were found when the other 
demographic factors were analyzed separately (data not shown).

Figure 4 shows the responses to questions aimed at measuring the 
participants’ interest in biotechnology (Figures  4A–C) and self-
efficacy (Figures 4D–F). No statistically significant differences were 
observed in the participants’ interest in biotechnology, both with the 
progress of the laboratory experience and between the two 
participants’ groups, i.e., Traditional and VR (Figures  4A–C). A 
similar result was also observed for part of the self-efficacy questions 
(Figures 4D,E). On the contrary, statistically significant differences 

FIGURE 2

Demonstrative screenshots from the immersive virtual reality laboratory simulations tested in this study. Respectively (A) the lab where the experiences 
are set, (B) a step of the plasmid DNA extraction experience, (C) an example of the hand-tracking technology from the PCR experience, and (D) a full 
immersion in the polymerase chain reaction solution.

FIGURE 3

(A) Change in theoretical knowledge with the progress of the laboratory experience for the two groups of participants to Study 1. In panels (B,C), the 
data of the virtual reality and traditional groups are analyzed singularly to highlight gender differences. Error bars represent the 95% confidence interval, 
while asterisks indicate statistically significant differences between the two groups.
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were found in the student’s perceived ability to explain to a classmate 
the laboratory procedures, i.e., DNA extraction and Polymerase Chain 
Reaction (Figure 4F). We observed a significant increase with the 
progress of the laboratory experience, but no significant differences 
were observed between the two groups of participants (Figure 4F).

Further questions were administered both in the Mid- and Post-test 
to assess the participants’ perception regarding different aspects of the 
laboratory experience (Figure 5). We observed that the students who 
joined the traditional lesson felt to have better understood the concepts 
that were explained to them with respect to the students who attended 
the VR simulation (Figure 5A). On the contrary, the students who 
attended the VR simulation reported a higher enjoyment (Figure 5D) 
and felt that the introductory lesson was less boring (Figure 5E) with 
respect to the students who attended the traditional lesson. Furthermore, 
the students who joined the traditional lesson scored significantly 
higher ratings when asked if the concepts necessary to understand the 
hands-on experience were clear (Figure 5H). No statistically significant 
differences were observed regarding the other 5 items tested, respectively 
the difficulty in following the lesson, the difficulty of the subject itself, 

the usefulness of the lesson for their school career, their pleasure in 
learning new biotechnology concepts, and the usefulness of the lesson 
before doing the hands-on laboratory (Figures 5B,C,F,G,I). Among the 
participants who used the VR headsets, 89.7% of the students think that 
immersive VR should be used more often for school learning, while 
10.3% of the students responded negatively to this question (Figure 5J).

3.2 Study 2: virtual reality laboratory 
simulation in addition to the traditional 
laboratory program

In Study 2, 64% of the participants performed a VR laboratory 
simulation before an organic chemistry hands-on laboratory in 
addition to the traditional laboratory program. The participants who 
also attended the VR laboratory simulation reported a statistically 
significant increase in their theoretical knowledge, from 3.7 in the 
Pre-test up to 6.6 correct answers out of 10 questions in the Post-test 
(Figure 6A). After 30 days, the theoretical knowledge of these students 

FIGURE 4

Change in the responses to questions related to (A-C) interest in biotechnology (purple) and (D-F) self-efficacy (red) with the progress of the laboratory 
experience and for the two groups of participants. Measurements were done through a 5-point Likert scale spanning from 1 (very low) to 5 (very high). 
Error bars represent the 95% confidence interval.
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did not drop significantly (Ret-test). The participants who attended 
the traditional program also reported a statistically significant increase 
in their theoretical knowledge, from 3.7  in the Pre-test up to 5.7 
correct answers in the Post-test, and no significant knowledge drop 
after 30 days. When the two didactical approaches were compared, the 
students who attended the VR simulation reported a statistically 
significant higher knowledge level in the Post-test with respect to the 
students who attended the traditional program (Figure 6A), while no 
significant difference was observed in the retention test due to the high 
variability of the data.

The performances of males and females were also analyzed 
separately, showing that no significant differences in the knowledge 
gained by the participants can be observed due to gender, both in the 
VR and the traditional approach (Figures 6B,C). No other differences 
in the students’ learning outcomes were found when the other 
demographic factors were analyzed separately (data not shown).

Figure 7 shows the responses to questions aimed at measuring the 
participants’ interest in biotechnology (Figures 7A,B) and self-efficacy 
(Figures 7C–E). Within the questions to measure the participants’ 
interest in biotechnology, we  observed no statistically significant 
differences both with the progress of the laboratory experience and 
between the two participants’ groups (Figures 7A,B). A similar result 
was also observed for the self-efficacy question C (Figure  7C). 

Moreover, we observed a slight increase between the Pre- and Post-
test in the student’s perceived ability to perform caffeine extraction 
alone, although not significant in the traditional group, followed by a 
decrease after 30 days (i.e., Ret-test; Figure 7D). On the contrary, in 
both groups, we observed a marked increase between the Pre- and 
Post-test in the student’s perceived ability to explain to a classmate the 
laboratory procedure, followed by a decrease after 30 days (Figure 7E). 
However, in all questions analyzed no statistically significant 
differences were observed between the two groups of participants 
(Figures 7A–E).

Further questions were administered in the Post-test to assess the 
participants’ perception regarding different aspects of the laboratory 
experience (Figure 8). The students who attended the VR simulation 
felt to have better acquired the concepts needed to understand the 
hands-on experience with respect to the students who attended the 
Traditional approach (Figure  8A). No statistically significant 
differences were observed regarding the difficulty of following the 
different steps of the hands-on experience (Figure  8B), and the 
usefulness of a theoretical lesson before doing the hands-on laboratory 
(Figure  8C). Furthermore, the students who attended the VR 
simulation felt less need for further teaching tools to better understand 
the hands-on laboratory experience (Figure 8D). Finally, the students 
who attended the VR simulation scored 3.65 points out of 5 when 

FIGURE 5

(A-J) Responses of the two groups to questions related to the participants’ perception regarding different aspects of the laboratory experience. 
Measurements were done through a 5-point Likert scale spanning from 1 (very low) to 5 (very high). Questions highlighted in blue (A-G, J) were 
administered in the Mid-test, while questions highlighted in yellow (H, I) were administered in the Post-test. Error bars represent the 95% confidence 
interval, while asterisks indicate statistically significant differences between the two groups.
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asked if carrying out the VR laboratory simulation was useful before 
performing the hands-on experience in the laboratory (Figure 8E). 
Among the participants who used the VR headsets, 90.0% of the 
students think that immersive VR should be used more often for 
teaching laboratory techniques, while 10.0% of the students responded 
negatively to this question (Figure 8F).

4 Discussion

4.1 Theoretical knowledge

Study 1 investigated the effects on motivational and learning 
outcomes of high school students when the introductory lesson to a 
hands-on laboratory is replaced with an equivalent virtual reality (VR) 
simulation. Diversely from what was hypothesized, our data show that 
the traditional lesson, consisting of an oral speech supported by a 
slideshow, was more effective in the participants’ learning of 
theoretical knowledge with respect to the VR simulation. The results 
reported in the literature, comparing traditional and innovative 
didactic approaches, are still poorly investigated and controversial, 
making our findings both in line and in contrast with previous studies 
conducted with similar approaches. In particular, Makransky et al. 
through the use of desktop VR simulations observed no differences in 
knowledge of microbiology between groups that attended either a 
virtual laboratory or a face-to-face tutorial (Makransky et al., 2016). 
More recently, Wismer et al. using immersive VR simulations for the 
biopharma industry training observed no differences in the knowledge 
scores of the group that attended the VR simulation with respect to 
the group that attended a real-life training (Wismer et al., 2021). On 
the contrary, Parong and Mayer found that a group of students that 
studied on a slideshow scored significantly better than the VR group 
and attributed this difference to the high load of non-essential visual 
inputs that characterize VR simulations (Parong and Mayer, 2018), 
diverting the student from the main narration and the important 
material (Chan et al., 2021). A further study compared the learning 
outcomes resulting from science desktop simulations vs. immersive 

VR simulations, showing that students who attended the immersive 
VR simulations learned less due to a higher cognitive load based on 
ECG measurements (Makransky et  al., 2019c). This latter study 
concluded that learning science in immersive VR modality may 
overload and distract the learner, resulting in less opportunity to build 
solid learning outcomes (Makransky et al., 2019c).

However, each of these studies operates within a specific setting 
and methodology, which may influence the outcomes observed. One 
key aspect to consider is the diversity in VR implementation across 
studies, which can significantly impact the learning outcomes (Akpan 
and Shanker, 2019). The differences in VR applications for educational 
purposes could lead to variations in cognitive load, immersion levels, 
and nature of interaction, ultimately affecting learning outcomes (Suh 
and Prophet, 2018; Klingenberg et al., 2023). A further aspect that 
could influence the efficacy of VR content is the subject matter of the 
intervention (e.g., chemistry, biopharma, microbiology, biology, etc.) 
and the specific educational objectives that have been set. The 
application of VR simulations to a didactic approach could be more 
effective in a specific subject matter with respect to others depending 
on the conceptual complexity, the nature of the content, and the 
practical applications. Finally, also the demographic characteristics of 
the students, like age, level of education, and gender could play a role 
in shaping the efficacy of the VR intervention (Makransky et al., 2020). 
Regarding this latter, we observed a gender difference with regard to 
students who attended the immersive VR simulation, as female 
students reported significantly higher theoretical knowledge scores 
than male students following the VR simulation. Similar results were 
previously observed by Makransky et al. in regard to science career 
aspiration, with only females reporting a significant increase following 
the immersive VR simulation, demonstrating the potential of VR 
simulations to contribute to balancing out the gender gap in STEM 
fields (Makransky et al., 2020). Subsequent studies found that when 
there is a transition from face-to-face to digital learning, as happened 
during the pandemic-induced school closures, females might adjust 
their methods and be more adaptable to the new learning environment 
(Liu et al., 2021), being also more perseverant (Yu, 2021) and engaged 
than males (Korlat et  al., 2021), thus, getting more benefits from 

FIGURE 6

(A) Change in theoretical knowledge with the progress of the laboratory experience for the two groups of participants to Study 2. In panels (B,C), the 
data of the virtual reality and traditional groups are analyzed singularly to highlight gender differences. Error bars represent the 95% confidence interval, 
while asterisks indicate statistically significant differences between the two groups.
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digital learning. Regarding the age of the beneficiaries of the VR 
intervention, given the small age gap between the high school students 
participating in our study (17–19 years old), we  observed no 
differences in the student’s learning outcomes related to age (data not 
shown). Considering the age and level of education of the participants 
in the studies currently available in the literature [i.e., university 
students with a mean age of 23.8 years in Makransky et al. (2019c), 
university students with mean age of 19.2 years in Parong and Mayer 
(2018), university students with mean age of 20.2 years in Makransky 
et al. (2016), and secondary education students aged 16–53 in Wismer 
et al. (2021)], there seems to be no correlation between the efficacy of 
VR laboratory simulations with respect to traditional methods and 
these two demographic factors. At present, only one study addressed 
the influence of age and industry experience on self-reported learning 
outcomes consequently to training for mine rescue with virtual reality, 
finding that age and experience do not affect learning outcomes 
(Pedram et al., 2022). Nevertheless, in the field of biotechnology and 
STEM education, a comprehensive study on the efficacy of VR 

laboratory simulations in relation to the student’s age and level of 
education is still lacking.

In the case of Study 2 the immersive VR simulation was 
considered as an additional tool to improve the educational method 
used so far, and, thus, was added to the traditional program instead of 
substituting part of the program (e.g., the introductory lesson) as 
tested in Study 1 and by the majority of the literature currently 
available (Makransky et al., 2016; Parong and Mayer, 2018; Wismer 
et  al., 2021). Our findings show that this different approach may 
significantly increase the theoretical knowledge of the students who 
were attending the laboratory experience, contributing to building a 
solid learning outcome. These data support our initial hypothesis and 
provide a significant starting point for developing effective and 
efficient strategies to incorporate VR laboratory simulations in 
educational programs. In a recent review concerning virtual chemical 
laboratories, Chan et al. reported that combining virtual laboratories 
with a conventional lesson and/or a hands-on laboratory seems to 
result in a greater learning improvement than the traditional approach 

FIGURE 7

Change in the responses to questions related to (A, B) interest in biotechnology (purple) and (C-E) self-efficacy (red) with the progress of the laboratory 
experience and for the two groups of participants. Measurements were done through a 5-point Likert scale spanning from 1 (very low) to 5 (very high). 
Error bars represent the 95% confidence interval.
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alone as it reinforces the previously learned concepts (Chan et al., 
2021). It is suggested that a high level of interactivity engages the 
learner to develop a deeper understanding of the learning content 
(Davenport et al., 2018).

4.2 Interest in science

Diversely from what was expected, in Study 1 the participants of 
both groups (VR and Traditional) showed no increase in interest in 
biotechnology following the introductory lesson and the laboratory 
activity, demonstrating that with both didactical approaches a single 
educational guidance experience was not enough to make high-school 
students more passionate about biotechnology. Similarly, Study 2 
showed no increase in the interest in biotechnology in first-year 
B.S. students following the whole educational experience proposed. 
These results reject our hypothesis and are not consistent with 
previous research. Other authors reported an overall increase in 

interest in science following a single didactical activity with VR 
simulations (Makransky et al., 2019a, 2020), while Andersen et al. 
found that immersive VR was more effective than 2D video in 
fostering science interest (Andersen et al., 2023).

4.3 Self-efficacy

With the questions aimed to measure the participants’ self-
efficacy, we observed, in both studies and groups of participants, a 
significant increase with the progress of the laboratory experience in 
the perceived ability to explain to a classmate the laboratory 
procedures, indicating that the students are developing a clear idea of 
what they were taught. Also, in students who used VR simulations in 
Study 2, we observed an increase in the perceived ability to perform 
caffeine extraction alone, however not statistically different from the 
data obtained from students who have not used VR simulations. 
Altogether, these results support our hypothesis only partially, as 

FIGURE 8

(A-F) Responses of the two groups to questions related to the participants’ perception regarding different aspects of the laboratory experience. 
Measurements were done through a 5-point Likert scale spanning from 1 (very low) to 5 (very high). These questions were administered in the Post-
test. Error bars represent the 95% confidence interval, while asterisks indicate statistically significant differences between the two groups.
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we  were expecting an increased self-efficacy in all items tested. 
Furthermore, our data suggest that the use of VR simulations does not 
affect the student’s perceived self-efficacy when compared to 
traditional didactical methods. Makransky et al. observed a similar 
pattern, i.e., an increase in self-efficacy but no difference between the 
two groups, when comparing students who used a virtual simulation 
with students who attended a face-to-face tutorial (Makransky et al., 
2016). The finding that both groups of students report the same self-
efficacy outcomes when virtual simulations are used as an alternative 
to traditional methods is of particular importance as non-cognitive 
skills are emerging to play an essential role in academic success and 
life outcomes and, consequently, with a significant long-term impact 
(Garcia, 2014). Thus, when testing new technologies for educational 
purposes it is important to assess that the new didactical methods are 
not impairing the development of non-cognitive skills (Kautz 
et al., 2014).

4.4 Engagement and perceived learning

In Study 1 we found that at the end of the introductory lesson the 
participants who joined the traditional lesson felt to have better 
understood the concepts that had been explained to them with respect 
to the participants who attended the VR simulation. Also, at the end 
of the laboratory experience, these participants scored higher ratings 
when asked if the concepts necessary to understand the hands-on 
experience were clear. These data reflect what was observed with the 
theoretical knowledge test, which showed that participants who 
attended the traditional introductory lesson actually obtained a higher 
learning outcome both in the Mid- and Post-test. On the contrary, the 
students who attended the VR simulation reported a higher enjoyment 
and felt that the introductory lesson was less boring with respect to 
the students who attended the traditional lesson. No wonder that 90% 
of the participants in Study 1 believe that immersive VR should 
be used more often for school learning. These results support the 
hypothesis that VR simulations can improve students’ engagement. 
Other studies reported similar results, for instance, Parong and Mayer 
obtained more enjoyment and less boredom in the VR group and 
suggested that students have more positive feelings when learning in 
immersive VR than from a slideshow, despite showing a lower learning 
outcome (Parong and Mayer, 2018). The authors concluded that 
immersive VR appears to create situational interest, but adding 
interesting features to a lesson may not be enough to enhance learning 
outcomes (Dewey, 1913). Since VR simulations motivate students 
more than conventional media, Parong and Mayer suggest using these 
new technologies in tandem with the existing strategies to spark 
interest among learners while maintaining high learning outcomes 
(Parong and Mayer, 2018).

In light of these data, Study 2 has tested the use of VR simulations 
as an additional tool to improve the existing educational method. 
Students who attended also the VR simulation felt to have better 
understood the concepts needed and felt less need for further teaching 
tools to understand the hands-on laboratory experience, showing that 
VR simulations contributed to building a better background to deal 
with the subsequent hands-on laboratory. These data are further 
supported by the increased theoretical knowledge observed in the 
students who took advantage of VR simulations, showing that the 

students’ feelings align with their effective knowledge about the topic 
at the end of the laboratory experience.

5 Conclusion

Overall, it can be concluded that immersive virtual reality (VR) 
laboratory simulations are a promising technology to improve 
traditional educational methods. However, care should be taken to the 
approach used to integrate these new technologies with the existing 
methods, as very different outcomes can be obtained depending on 
the chosen strategy. This research showed that when the introductory 
lesson to a biotechnology hands-on laboratory is replaced with an 
equivalent immersive VR simulation, the student’s learning outcomes 
suffer a reduction with respect to the traditional approach. On the 
contrary, when VR simulations are integrated as an additional tool to 
the existing learning methods, higher learning outcomes were 
observed demonstrating a deeper understanding of the learning 
contents. Furthermore, our study showed that learning with 
immersive VR simulations motivates students more than the 
traditional methods, thus, using this new technology in addition to 
the existing educational methods could be considered as a win-win 
strategy to raise the attention of the students while increasing the 
learning outcomes.

In the coming years, the constant improvement of the software 
will allow the development of VR simulations increasingly tailored to 
the student’s learning needs, promising to further revolutionize the 
use of VR simulations in educational programs. Further research will 
be necessary to investigate new strategies to integrate immersive VR 
simulations with the existing learning methods and demonstrate their 
effectiveness or limitations. Finally, one of the limitations of this study 
was the failure to accurately assess the participants’ practical and 
manual skills. These skills are supposed to rise when students exercise 
with immersive VR laboratory simulations, preparing them for the 
subsequent hands-on laboratory experience. Therefore, future 
research should focus on measuring these skills to assess if the 
participants’ practical and manual skills benefit from practicing with 
immersive VR laboratory simulations.
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