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Keywords

This paper deals with a novel method for improving the traditional “verification”
laboratory in science education. Drawing on the idea of integrated instructional
units, we describe an instructional sequence which we call the Babushka
concept. This concept consists of three integrated instructional units: a start-up
lecture, a laboratory session and a wrap-up lecture. Like the Russian nested doll,
the sequence has a nested conceptual structure, moving from “bigger” questions
to “smaller” ones. The students are actively involved during the lectures by
answering reflective questions. This careful sequencing of ideas and activities

aims to help the students to relate new ideas to prior knowledge, and to
Laboratory learning understand the purpose of the Iabc_)ratory activity. The Babushka cor)cept was
Integrated instructional implemented in a master’s course in pharmaceutical technology and its impact
units was evaluated using both qualitative and quantitative methods. The evaluation
Constructivism focused on the students’ perceptions of the intervention as well as their learning
Mixed methods gains. A majority of the students found the Babushka concept helpful for their
Science education learning and agreed that this concept should be used in other courses. Moreover,
the number of correct answers on the final written exam increased by 10%. We
briefly discuss one way to enhance the Babushka concept.

Introduction

Laboratory teaching is ubiquitous in science education and used as an important complement to classroom
teaching. The laboratory setting offers unique opportunities for learning and the intended learning outcomes of
laboratory teaching have been widely discussed (Feisel & Rosa, 2005; Kirschner & Meester, 1988; Wieman,
2015). Ernst (1983), for example, argued that laboratory teaching should support three central learning
outcomes: “First, the student should learn how to be an experimenter. Second, the laboratory can be a place for the
student to learn new and developing subject matter. Third, laboratory courses help the student to gain insight and
understanding of the real world.” However, the effectiveness of traditional laboratory teaching has been
questioned (Kirschner & Meester, 1988).

According to Domin (1999), there are two major problems with the traditional or “verification” laboratory. First,
students are not given sufficient time to engage in meaningful learning where they “integrate new experiences
with prior knowledge, establish a context for the purpose of the laboratory activity, and determine the activity’s
relevance to themselves”. Second, traditional laboratory activities do not engage students in higher-order
thinking skills, such as analysis, synthesis and evaluation. These problems have been confirmed in empirical
studies (Lippmann & Redish, 2002). Redish (2003) reported that students spend most of the time discussing
“how to configure, run and get information from the apparatus” and “make little or no attempt to synthesize in
order to get an overview of what the point of the lab is”. These results are worrisome and clearly demonstrate
that the traditional laboratory does not reach its full potential.

A promising approach for improving laboratory learning is encapsulated in the idea of integrated instructional
units (Singer, Hilton & Schweingruber, 2006). Drawing on recent findings from the learning sciences, the idea
is to “interweave laboratory experiences with other types of science learning activities, including lectures,
reading, and discussion. [...] Diagnostic, formative assessments are embedded into the instructional sequences
and can be used to gauge student’s developing understanding and to promote their self-reflection on their
thinking” (Singer, Hilton & Schweingruber, 2006). Previous research at school level suggests that integrated
instructional units are “more effective than typical laboratory research for improving mastery of subject matter,
developing scientific reasoning, and cultivating interest in science” (Bybee et al., 2006).
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There has, however, been relatively little research on how to improve laboratory teaching in science education
(Singer, Nielsen, & Schweingruber, 2012). In this paper, we focus on how to improve the “verification”
laboratory, which is by far the most prevalent laboratory teaching style in science education (Domin, 1999;
Wieman, 2015). We draw on the idea of integrated instructional units, but we have developed a novel take on
this idea, which we call the Babushka concept. The Babushka concept consists of three integrated instructional
units: a start-up lecture, a laboratory session and a wrap-up lecture. Moreover, like the famous Russian nested
doll, the sequence has a nested conceptual structure, moving from “bigger” ideas to “smaller” ones. This careful
sequencing of ideas and activities aims to help the students to relate new ideas to prior knowledge, and to
understand the purpose of the laboratory activity.

The rest of the paper is organized as follows. We first describe the central components of the Babushka concept
and its theoretical underpinnings. This is followed by an account of how the instructional sequence was
implemented in a master’s course in pharmaceutical technology given at Chalmers University of Technology in
Gothenburg, Sweden. We then describe how the intervention was evaluated using both qualitative and
quantitative methods, and the results of the evaluation. Finally, we discuss our results in relation to previous
research on laboratory teaching.

The Babushka Concept and Theoretical Underpinnings

The Babushka concept consists of three integrated instructional units: a start-up lecture, a laboratory session and
a wrap-up lecture (see Figure 1). During the start-up lecture, key concepts are introduced together with the
equipment that will be used in the laboratory activity. The start-up lecture consists of an interactive presentation
structured around a set of nested reflective questions, moving from general to specific. While the more general
questions focus on the broader relevance of the topic and the laboratory activity to the students’ future
profession, the more specific questions typically focus on details of the topic and the experiment.

The idea is to start from the students’ current understanding of the topic and to help them to relate new ideas to
their prior knowledge and experiences. Moreover, by answering the questions during the start-up lecture, the
students are encouraged to start to think about the key concepts and the purpose of the laboratory, how the
experiments will be carried out, and to come to the laboratory session with their own questions. The students are
asked to write down their answers to the reflective questions individually and hand in their answers at the end of
the start-up lecture. This kind of formative assessment allows the teacher to probe the students’ prior knowledge
of the topic and adapt subsequent teaching to the students’ needs. During the laboratory session, the students
link theoretical concepts to the real world, and get practical training using different techniques and equipment.
During the wrap-up lecture, the results from the experimental work are summarized and the students are asked
to reflect on the results. This is done by posing the same questions that were asked during the start-up lecture,
but in the opposite order, moving from specific to general. Finally, the teacher collects the students’ individual
answers again to gauge the impact of the instructional sequence on the students’ conceptual understanding. The
steps in the Babushka concept are summarized in Table 1.

In our analogy, the nested set of reflective questions corresponds to the set of Babushka dolls (see lower part of
Figure 1). Answering the questions, from general to specific, corresponds to opening the dolls, from bigger to
smaller. Moreover, each question or doll leads to a new one until the innermost is revealed. The smaller dolls in
the Babushka set are studied during the laboratory session, and during the wrap-up lecture the dolls are put back
together again, from smaller to bigger.

The overall design of the Babushka concept is strongly rooted in a constructivist view on learning (Bodner,
1986). The central tenet of constructivism is that learning is an active process, where knowledge is constructed
by the student through interactions with the environment. In other words, knowledge cannot be transmitted from
the teacher to the student. For meaningful learning to occur, students must link new ideas to their prior
knowledge and experiences, and determine the activity’s relevance for themselves (Novak & Gowin., 1984).

In recent years, we have witnessed a strong shift towards constructivist teaching in science education, where
students, for example, are more actively involved during lectures (Felder & Brent, 2016). As Shuell (1986) put
it: “It is helpful to remember that what the student does is actually more important in determining what is
learned than what the teacher does”. These interactive engagement methods serve a twin purpose: to let the
students test and possibly revise their understanding, and to provide the teacher with feedback on the students’
level of understanding. In constructivist teaching, the role of the teacher therefore shifts from being a “sage on
the stage” to a “guide on the side” (King, 1993).
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Implementing the Babushka Concept

The Babushka concept was implemented in a course which enrolled 30 master students in a composure course at
Chalmers University of Technology in the pharmacy program in Gothenburg. The overall aim of the
instructional sequence was for the students to learn more about dissolution of an insoluble drug and solid
dispersions. The reason for producing solid solutions or dispersions is to increase the dissolution rate of a drug
substance that otherwise would have been difficult for the body to adsorb.

Start-up lecture Lab work Wrap-up lecture
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Figure 1. The top part illustrates the teaching and learning activities involved in the Babushka concept

In Figure 1, the lower part is a photograph of Babushka dolls, symbolizing the construction of knowledge.
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Table 1. Summary of the steps in the Babushka concept

Start-up lecture

e  Prepare a set of questions which moves from general to more specific.

e Prepare a presentation where the questions are located at suitable places. Let the students first answer
the questions individually and in writing, before providing the correct answers.

e  Collect the students’ written answers at the end of the lecture.

Laboratory session

e The students carry out the experiments in smaller groups. Different tasks can be given to different
individuals or pairs.

e  The students summarize their results in a file prepared by the teacher.

e  Present the results and briefly discuss the results together with the students.

Wrap-up lecture

e  Go through the results and interpret the data.

e Ask the same questions as in the start-up lecture but in the reverse order. Let the students answer the
questions individually and in writing.

e Collect the students’ written answers at the end of the lecture.

We start with some background information for readers who are not familiar with the subject. Solid solutions
and dispersions can be used to increase the dissolution rate of a hydrophobic drug, which is important for the
uptake of the drug in the gastro-intestinal wall. Polyethylene glycol (PEG) is a hydrophilic polymer which is
built of the monomer -CH,CH,O- and it is commonly used in different pharmaceutical products such as
suppository material (Stavchansky, Garabedian, & Newburger, 1977), as plasticizers (Repka & McGinity, 2001)
and in solid solutions/dispersions (Chiou & Riegelman, 1971; Corrigan, 1986). At room temperature, PEG is in
a liquid state for molecular weights below 800 g/mol, more “Vaseline”-like if the molecular weights are
between 800-1500 g/mol, and between 2000 and 6000 g/mol PEG has a consistence that can be described as
“waxy”. However, PEG is, as many other polymers, a semi-crystalline polymer, which means that the PEG
molecules are partly in the crystalline state and partly in the amorphous state (Buckley & Kovacs, 1976) — see
Figure 2. The crystalline parts are ordered with the polymer axis perpendicular to the crystalline layers, while
the amorphous parts are disordered. The crystalline parts melt at 50-70°C, depending on the molecular weight.
Adding a drug substance to this semi-crystalline polymer results in a solid solution or a solid dispersion
depending on the amount of drug substance added.

As shown in Figure 2, the drug substance is mainly located in the amorphous parts of the polymer, and in a solid
solution the drug substance is located as single molecules (Unga, Tajarobi, Norder, Frenning, & Larsson, 2009).
At some point, the available amorphous parts will be full, hence the drug substance will start to aggregate and a
solid dispersion will form. In a solid dispersion it is still possible to find some individual molecules of the drug
substance, as shown in Figure 2.

The aim of the start-up lecture was to introduce central concepts and equipment, such as solid solutions, solid
dispersions, differential scanning calorimetry (DSC), and United States Pharmacopeia (USP) dissolution
apparatus. To activate the students during the lecture and help them to link new ideas to prior knowledge and
experiences, the students were asked to answer a set of questions individually and in writing. Examples of
questions that were asked during the start-up lecture are listed in Table 2, illustrating how the questions moved
from general to specific. The students handed in their written answers to the questions at the end of the lecture.

The objective of the laboratory work was to prepare solid dispersions and investigate the dissolution rate and
study the thermal properties. Thermal properties were studied using a DSC and dissolution rate was measured in
USP-apparatus. For the acquisition of one DSC instrument, the students were divided into groups of six to eight.
The laboratory work was divided into three parts, and the students worked in pairs. The students were asked to
fill in their results in tables (see Table 3 and 4) that were prepared by the teacher on a computer. The students
prepared a plot of the absorbance against the time, and normalized for the weight of model drug (Butyl paraben,
BP) in the sample and calculated the dissolution rate for each sample.
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Solid solution Solid dispersion
Figure 2. The structure of the semi-crystalline PEG where both amorphous and crystalline parts are present

In Figure 2, the green dots represents a drug substance that will locate in the amorphous parts of the structure.
The left picture shows a solid solution, while the right picture shows a solid dispersion.

Figure 3 shows the normalized release against time, where the fastest release was obtained for the mixture of
5:95% BP:PEO. In this case, a solid solution is expected which means that the BP is dissolved as individual
molecules in the amorphous parts (as shown in Figure 2a). The release from the combination with 10% BP is
lower and in this case, a combination of a solid solution and solid dispersion is most likely the explanation
behind the decreased release. The combination with 40% BP resulted in a release comparable to the pure BP.
The results were shown during the laboratory session and discussed in more detail during the wrap-up lecture.

Table 2. Questions that were asked during the start-up and wrap-up lecture

1. What is affecting the oral bioavailability?
2. Describe the difference between a “normal” solution and a solid solution.
3. How is the dissolution rate affected when going from a solid solution to a solid

dispersion?
4. How the dissolution rate is affected comparing a solid dispersion and pure particles of
active pharmaceutical ingredient?
How can the drug dissolution rate be determined experimentally?
Name three things that are possible to receive from a DSC experiment.
7. How do you determine these units?
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Figure 3. Normalized release of the active pharmaceutical ingridient (BP) againt time, where < represents 5%
BP, m10% BP, A 40% BP and @100% BP
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Table 3. Example of a table that the students filled in during the laboratory session

Group Weight fractions Determined T,,  Determined T, Enthalpy Enthalpy
BP:PEG (BP) (°C) (PEG) (°C) PEG (J/9) (BP) J/g

100:0
0:100
5:95
10:90
25:75
40:60

aa b~ W N -

During the wrap-up lecture, the teacher summarized all the results from the laboratory session. The reflective
questions that were asked during the start-up lecture (see Table 2) were now asked in the opposite order. Again,
the students answered the questions individually and in writing, and they handed in their written answers at the
end of the wrap-up lecture. The students’ answers to the questions, before and after the laboratory session, were
used together with three other data sources to evaluate the impact of the Babushka concept.

Table 4. Table used for absorbance at different dissolution times.
Time / 3 5 8 10 15 20
min
Group - -

1
2
3
4

Methods

The evaluation focused on the students’ perceptions of the Babushka concept and its impact on the students’
learning. To probe the students’ perceptions of the Babushka concept, we collected data from the course
evaluation and through semi-structured interviews. However, since positive perceptions of an intervention do
not necessarily translate into improved learning, the impact of the Babushka concept on the students’ learning
was also investigated. Two different evaluation designs were used to gauge the impact of the Babushka concept
on the students’ learning.

The first was a classical pre-test and post-test design (Creswell, 2012), where we compared the students’
answers to the reflective questions (see Table 2) that they provided individually during the start-up lecture and
the wrap-up lecture. The impact of the Babushka concept on the students’ learning was also investigated using a
quasi-experimental design (Creswell, 2012). This means that we compared the results on the final exam, before
and after the Babushka concept was implemented. The Babushka concept was introduced in 2014 and this part
of the course was taught by the same teacher before and after the reform.

Results

The results from the course evaluation revealed that most students were positive to the Babushka concept. A
large majority of the students (71%) agreed that the Babushka concept should be used in the next iteration of the
course, while 13% disagreed and the rest were neutral. A large majority of the students (83%) were also positive
to the in-class reflective questions, while only 4% were negative. The following are some representative
comments from the course evaluation:

The new pedagogical sequence works really well, and the start-up lecture and the wrap-up lecture were
valuable for my understanding.

The laboratory work was fun and provided us with the overall picture.

The lab was very good, | understood more than | use to do.

The Babushka part was good, instructive and structured in a way which made it easier to understand.
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Three students also took part in semi-structured interviews (Kvale, 1996) approximately six months after the
reformed course had ended. The interviews focused on what the students perceived to be the main benefits of
the Babushka concept and how it could be improved. All three students emphasized the importance of being
prepared in advance of the laboratory session, which made it easier to remember and understand the purpose of
the laboratory activity. However, one of the students pointed out a problem with handing out the lecture slides in
the start-up lecture, since the answers to the in-class reflective questions could be found in the slides. This may
have resulted in overestimated scores for the questions in the start-up lecture.

The percentage of correct answers to the reflective questions asked during the start-up lecture and the wrap-up
lecture is shown in Figure 4. As expected, the percentage of correct answers decreased from question 1 (a more
general question) to question 7 (a more detailed question) for the start-up lecture. For the wrap-up lecture, there
was a significant increase in the percentage of correct answers compared to the start-up lecture. This shows that
the Babushka concept had a significant impact on the students’ conceptual understanding. A more detailed
analysis of the students’ answers to the questions revealed some common misconceptions or knowledge gaps,
and how the intervention mitigated these. For example, the correct answer to question 1 is “solubility and
permeability”.

In the start-up lecture, the students often answered with a long list of different chemical and physical factors
(such as pH, charge, molecular weight, temperature, stability, and size), while they were more sure about the
correct answer in the wrap-up lecture. In question 3, we asked about the changes in the dissolution rate when the
amount of drug is increased, i.e. going from a solid solution to a solid dispersion. In the start-up lecture, 44% of
the students gave the correct answer. However, half of the students that knew the correct answer did not explain
why, while the rest could provide an explanation. In the wrap-up lecture, 88% of the students gave the correct
answer and 80% could now give an explanation to why a solid solution has a faster dissolution rate compared to
a solid dispersion.

The percentage of correct answers on the final exam which were covered in the Babushka concept is shown as
white bars in Figure 5. The black bars represent another part of the course. The number of correct answers on
the final exam was more or less constant for the 2012 and 2013 iterations of the course, and for both parts of the
course. In 2014, the number of correct answers for the part covered by the intervention increased, from 74% in
2013 to 85%. This result demonstrates that the Babushka concept is superior to the traditional verification
laboratory when it comes to enhancing the students’ conceptual understanding of the subject.

100

60
40
20 I
0 Il
1 2 3 4 5 6 7
Number of question

Correct anwers / %

Figure 4. The percentage of correct answers to the reflective questions asked during the start-up lecture (black
columns) and the wrap-up lecture (white columns)
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Figure 5. The percentage of correct answers on the final exam before and after implementing the Babushka
concept in 2014

In Figure 5, the white columns represent the part of the course for which the Babushka concept was
implemented, while black columns represent another part of the course.

Discussion and Conclusion

In this paper, we have described the design and evaluation of a novel instructional sequence — the Babushka
concept — to improve the traditional verification laboratory in science education. Drawing on the notion of
integrated instructional units (Singer, Hilton & Schweingruber, 2006), the Babushka concept consists of three
integrated units: a start-up lecture, a laboratory session and a wrap-up lecture. The backbone of this instructional
sequence is a nested set of reflective questions, moving from general to specific. The results from the evaluation
showed that a large majority of the students were positive to the Babushka concept. Moreover, the Babushka
concept had a significant impact on the students’ conceptual understanding and it was shown to be superior to
the verification laboratory when it comes to enhancing the students’ conceptual understanding.

One dominant reason for the positive comments from the students is that they could see the “big picture” of the
laboratory work. A dismaying finding from previous research on laboratory instruction in science education is
that students often do not understand the purpose of the laboratory work (Kirschner & Meester, 1988). Redish
(2003) described the problem in the following way: “One might hope that [students] get the numbers in the lab
and then think about them outside of class. This may be the case, but I suspect it is a pious hope. Students rarely
have the skills to think deeply about experiments”. White (1996) described traditional laboratory work as a
“mindless exercise: students following directions without thinking about the purpose of how the experiment
relates to other information they have learned”. By complementing the laboratory session with a start-up lecture
and a wrap-up lecture, providing students with both time and structure to reflect on the laboratory work, the
Babushka concept mitigates this central problem.

The significant increase in learning can be attributed to the active involvement of the students throughout the
Babushka concept. By answering the nested set of reflective questions during the start-up lecture, the students
are encouraged to link new knowledge to their prior knowledge, and to test and revise their understanding of key
concepts. The students are also encouraged to start to think about the laboratory work and to come to the
laboratory session with their own questions, which is a hallmark of a deep approach to learning (Biggs, 2011).
The discussions at the end of the laboratory session help the students to see the link between the theory
presented in the start-up lecture and the observations made during the laboratory session. The students’
conceptual understanding is further strengthened when the results are revisited and discussed from different
perspectives with peers and the teacher during the wrap-up lecture. In this way, the students get to test, get
feedback on and potentially revise their understanding of key concepts several times during the instructional
sequence. Bruner (1960) argues that this kind of “spiraling back”, or revisiting of key ideas in different contexts,
is central to effective learning.
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One interesting way to enhance the Babushka concept is to ask the students to formulate a hypothesis during the
start-up lecture. This would encourage the students to start to think about how they could test the hypothesis
based on what they learn during the start-up lecture. It would also open up for letting the students work more
independently during the laboratory session and engage in the different stages of the inquiry cycle (Pedaste et
al., 2015). This extension of the Babushka concept is in line with recent calls to move away from the traditional
verification laboratory and replace it with inquiry-based laboratory activities (Buck, Bretz & Towns, 2008;
Hofstein & Lunetta, 2004). Future research could compare the effectiveness of the Babushka concept when it is
grounded in the verification laboratory and the inquiry-based laboratory.

We conclude that it is possible to improve the traditional verification laboratory and that the Babushka concept
offers a promising and potent way to do so. By aligning the nested set of reflective questions with the objectives
of the specific laboratory work, the Babushka concept can be used across subjects in higher science education.
We hope that the work presented in this paper will inspire our fellow educators to adopt or adapt the Babushka
concept to enhance their students’ laboratory experience.
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