
Alternative Assessment to Lab Reports: A Phenomenology Study of
Undergraduate Biochemistry Students’ Perceptions of Interview
Assessment
Nikita L. Burrows,* Jonathan Ouellet, Jaimy Joji, and Jillian Man

Cite This: https://doi.org/10.1021/acs.jchemed.1c00150 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Research has begun to explore the undergraduate laboratory in many facets, such as
students’ feelings, goals, and instructional approaches to the laboratory. However, research has not
explored the experiences of students with summative assessment in the laboratory. This qualitative
study investigates the experiences of upper-level undergraduate students’ exposure to lab interviews
as an oral summative assessment. A phenomenological approach guided the analysis and
interpretation of data gathered from 16 semistructured student interviews. The exploration of the
data resulted in the development of an outcome space with three fundamental features and
students’ core perceptions about lab interviews. This outcome space explores students’ feelings,
performances, and perceived conceptual understandings before, during, and after the interview
process. Implications and suggestions for the design and improvement of assessment practices are
discussed.

KEYWORDS: Upper-Division Undergraduate, Chemical Education Research, Biochemistry, Testing/Assessment
FEATURE: Chemical Education Research

■ INTRODUCTION

The chemistry laboratory is generally accepted as an integral part
of the undergraduate chemistry experience, and laboratories
prove to be an ideal area in which meaningful learning can
occur.1−8 Contrastingly, the laboratory has also received
criticism for its wasted potential for fostering student
learning.9,10 One challenge instructors face when implementing
laboratory instruction is student assessment. Studies have shown
that traditional assessment measures often fail to fully and
adequately evaluate student learning in courses.11−15 Toulmin16

stated, “If we learn only the words and equations of science, we
may remain trapped in its linguistic superstructure; we come to
understand the scientific significance of those words and
equations, only when we learn their application.” Thus,
assessments affect learning by providing students with insight
into their learning progress, achievement, and application of
intended learning goals. Discovering better ways to assess and
direct learning in the laboratory setting can help foster
meaningful learning in students.8,17 To that extent, exploring
students’ perceptions of assessment practices can uncover better
assessment techniques.

■ LITERATURE REVIEW

Assessment in Biochemistry

Research in biochemistry education has explored students’
understanding of buffers,18 proteins,19,20 enzymes,21,22 and

DNA in the lectures and textbooks of biochemistry. In
biochemistry, assessment research has focused on interactive
online problem-based learning case discussions, multiple-choice
questions for formative assessment, and concept inventories
such as the Enzyme−Substrate Interaction Concept Inventory
(ESICI).21,22 Lang and Bodner23 provide an extensive review on
research done in biochemistry education research; however,
there is little to no research on less traditional assessments in the
laboratory.

Formative/Summative Assessment and Students’
Perceptions

Assessments are essential to gauge knowledge acquisition in
many chemistry learning environments; however, most
chemistry faculty have limited knowledge of various assessment
strategies.11,24 Student assessment is divided into two
categories: formative and summative assessments. Formative
assessments are primarily used to provide feedback to both
teachers and learners.8,17,25 Thus, formative assessment is
critical to helping instructors gain insight into student
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understanding during the learning experience. Some examples of
formative assessment are quizzing, concept maps, and minute
papers.26−28 Many studies have investigated the use of formative
assessments in the classroom.10,25,26,29

In contrast, summative assessments focus on determining if
students have demonstrated enough knowledge gains to move
forward in coursework. Summative assessments are primarily
aimed toward the evaluation of students’ learning, thus making
them an assessment “of” learning as opposed to “for” learning.30

Some examples of summative assessments include final exams,
end of chapter tests, and lab reports. However, it should be
noted that some formative assessments are summative in nature
and some summative assessments have formative elements.
Therefore, these two assessments are less dichotomous and
more fluid, depending on their implementation and use.
Several studies have looked at the role assessments play in

uncovering knowledge gaps.31,32 Bodner’s work titled “I Have
Found You an Argument” even explores how changing the type
of assessment can uncover gaps in knowledge.33 Research has
also shown what happens when assessment requires a coherent
conceptual framework.34 In the lab, lab reports have consistently
been used as the assessment to evaluate learned knowledge.
However, a gap exists in the literature for exploring student
perceptions of different lab assessments that strive to uncover a
student’s coherent conceptual framework.

Traditional Lab Reports

A common assessment tool used is the written laboratory report,
which is often cited as essential for developing a deeper
understanding of science.35 Traditional laboratory reports
usually consist of students providing a title, purpose, procedure,
data collected, and answers to conclusion questions.36,37 These
graded lab reports tend to assess the students’ abilities to follow
directions, collect data, and provide the correct answers to
conclusion questions with little to no feedback provided to the
students.38 Due to time constraints, few instructors leave
comments on lab reports, and studies have shown that students
will make limited use of feedback on written summative
assessments.39 Many times, traditional laboratory reports fall
short in stimulating deep understanding in students because
students are simply creating a document to turn in for a grade
instead of actively engaging in communicating their findings.40

Educators have used laboratory reports to assess summative
understanding, yet frequently, instructors use reports without
any clear, thought-out purpose.41 Ideally, lab reports should
show a student’s cumulative knowledge of a lab. Yet as research
has found, this is often not the case. Instead, research shows that
submitting traditional lab reports has become another duty for
students to do, in order to boost their overall academic grade.39

Simply put, conventional lab reports do not always probe at the
more in-depth learning goals educators want students to
experience. This presents a need to explore other assessments.

Oral Assessment

Oral assessments are a type of student evaluation used in
graduate school programs, but their incorporation into under-
graduate courses is an uncommon phenomenon.42 The oral
assessment is even less common in the laboratory setting.
Despite this, oral assessments can provide valuable insights into
students’ problem-solving and information processing abil-
ities.18,43,44 Only a few documented examples of oral assessment
exist in the chemical education literature.42,45−47 In a report on
the use of oral examinations in an inorganic chemistry class,
most students reported a positive experience.45 In another study

on the use of oral examinations in an organic chemistry class, the
results from student surveys showed an overwhelmingly positive
experience.42 Students seem to have positive experiences with
oral assessment; however, no rigorous evidence has uncovered
why students hold such positive perceptions of the experience.
More recently, an American Chemical Society (ACS)

symposium series article on oral examinations stated that oral
examinations provide an opportunity to thoroughly probe
understanding and ask leading questions to facilitate student−
faculty discussion.48 Furthermore, students are often more
prepared for oral discussions because the face-to-face examina-
tion motivates them to process material at an advanced level, so
they can better answer questions.49 While this may be true, no
studies have evaluated why this phenomenon occurs or the
mechanisms of this phenomenon. Therefore, our research aims
to explore the student perceptions of an oral summative
assessment term “lab interviews” for an undergraduate
biochemistry lab course.

■ BIOCHEMISTRY LABORATORY SETTING
A biochemistry laboratory course was the focus of our study.
This biochemistry laboratory course enrolls two sections each
semester. Each section contains 8−12 junior and senior
chemistry major students that meet for three hours each week
over a 13 week semester. The laboratory sections are also
assigned a senior undergraduate laboratory assistant. The
biochemistry laboratory course consists of two parts. The first
four weeks of this course consist of introducing students to
fundamental laboratory techniques and practices in biochemis-
try. These techniques are then used in the second part of the lab.
Some of the fundamental techniques include micro pipetting,
sterilizing environments, making buffer solutions, Bradford
assay, and ion-exchange chromatography. The remaining nine
weeks of the lab focus on a mini-project. This project focuses on
isolating and identifying enzymes in select chicken and beef
tissue samples using various separation, purification, and
identification techniques. Some techniques include differential
precipitation, ion-exchange and affinity chromatography, and
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).
To better simulate the research experience, students do not

receive in-depth pre-laboratory lectures. Instead, students are
given assigned readings50 and videos51 to watch before the lab in
a flipped pre-lab format.52−54 When entering the lab, students
are given a 10 min, low-stakes, one-page quiz with five to eight
questions on general concepts and content from the assigned
videos and reading material. For example, students are asked,
“what biochemical molecule will we be manipulating during
today’s lab period?” After the quiz, the class is given a brief 10
min question and answer session with the professor. Students
can ask questions about the experiment during this time, and the
professor clears up any problems noticed on the quiz. The
question and answer sessions are followed by two and a half
hours of practical laboratory time. During each lab session,
students work in pairs with no scheduled breaks; however,
students can enter and exit the lab at any point. Students can take
laboratory notes; however, this is not required or graded by the
professor. Upon completion of the lab, students must
individually schedule a 30 min laboratory interview with the
professor. This interview is required to take place within 1 week
of completion of a lab. Students have a total of eight lab
interviews for the entire semester, and they are allowed to take
only their lab notebook into the interview. These student oral
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assessment interviews are called lab interviews to avoid
confusion.
At the end of the semester, students complete a lab practical

involving one of the techniques learned earlier in the semester.
Each task is randomly assigned to students based on a number
the student selects. This lab task is completed at one of the four
stations set up in the lab, and no lab interview is required after
this final practical lab. However, students are allowed to bring
their notebook with them. It is important to note that no lab
report is required from students at any point in the biochemistry
lab. However, students did submit lab reports in previous
laboratory courses.

■ LAB INTERVIEW ASSESSMENT

Given the significance of assessments to evaluate students’
cognitive constructs, it is essential to set learning expectations
for them. Accurate assessment emerges when students are given
clear learning outcomes and instructional exercises intended to
help accomplish those outcomes.29,55,56 In the biochemistry lab,
students are informed at the beginning of the class that the main
form of assessment for experiments is lab interviews. A list of
learning outcomes is presented after each experimental section
in the lab manual to set expectations for student learning in the
lab.50 The lab manual also provides students with a list of pre-
lab, analysis, and post-lab questions that they should be able to
answer after the completion of an experiment. Each interview
resembles a typical lab report in which data collected by students
is assessed and questioned by the interviewer. During the
interviews, students are asked questions that assess lower-order
cognitive skills (LOCS) that require only a minimum level of
understanding and higher-order cognitive skills (HOCS) that
require a deep conceptual understanding (see Table 1).
Educational research supports the use of criterion-referenced

grading as a more fair way to evaluate students.57 In the
laboratory, students’ knowledge gains are usually assessed by
concluding post-lab questions in lab reports. Thus, to evaluate
student responses during the interview in a criterion-based
format, we employed an analytical rubric. The use of these types
of rubrics generally helps to reduce ambiguity and subjectivity of
grading by setting clear questions to be asked in the interview.
Thus, the more detailed and specific a rubric is, the more
precisely it can be applied.58 An example interview rubric for this
course can be found in the Supporting Information.

■ THEORETICAL FRAMEWORK: MEANINGFUL
LEARNING

The theoretical framework that guides this research is Novak’s
learning theory of human constructivism and meaningful
learning,59,60 which expands on Ausubel’s meaningful learning
theory.61 Ausubel’s meaningful learning theory explores the idea
that learned knowledge is fully understood and integrated by
making connections with other previously known knowledge.
To connect learned knowledge and make sense of it, the learned
knowledge needs to interact with three domains: the cognitive,
the psychomotor, and the affective domain. Ausubel and
Novak’s meaningful learning theory has proven to be a valuable
lens through which to examine and substantively connect our
findings because assessments used in the lab are trying to assess
the meaningful learning that occurred in the lab.
Drawing on the above theories, oral exams provide a

constructive forum to probe students’ knowledge and under-
standing, challenge students’ understanding, and test students’ T
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persuasive skills and oral poise. Oral exams cover both LOCS
and HOCS, which encompass the psychomotor skills of verbal
expression and all the feelings associated with integrating new
knowledge.

■ RESEARCH QUESTIONS
In this biochemistry lab, lab interviews replace lab report
assessments. Oral examinations, such as interviews, are not a
new approach to student assessment. However, gaps exist in the
literature regarding its incorporation into the undergraduate
laboratory. Therefore, this study aims to explore student’s
perceptions of the phenomenon of lab interviews as an
assessment tool in the undergraduate biochemistry laboratory.
To that extent, our guiding research question is:

What is the phenomenon students are experiencing during
the oral interview assessment for the biochemistry lab?

■ METHODS
Nakhleh et al. stated that the purpose of chemical education
research was to thoroughly understand what occurs in the
laboratory for various pedagogical practices before implement-
ing changes.62 To reach a thorough understanding, researchers
need to gather information on all aspects of the student
laboratory experience, which “might not be measurable in a
quantitative sense.”62 Hence, qualitative data is essential in
uncovering in-depth explanations of student experiences.
Methodological Framework: Phenomenology

A phenomenological design is appropriate when one’s goal is to
explore a phenomenon. The researcher collects information
from participants who are asked to describe the phenomenon,
and the researcher then analyzes themes and interprets the data.
Phenomenology tries to uncover the core structure of a

phenomenon by examining the common shared experiences of
individuals.63 Thus, studies conducted using the phenomenol-
ogy framework describe the shared lived experiences of a group
experiencing the same phenomenon.64,65 The thorough,
rigorous, and methodical analysis used in phenomenology
allows education researchers to explore student experiences.
Considering the emphasis of the research question on student
experiences, we decided to use a phenomenological research
design to elicit detailed descriptions of student perspectives.
This approach will help us understand their perspectives as
upper-level biochemistry laboratory students that experience a
lab interview assessment. Phenomenology describes the “what”
and the “how” of the experience mainly through interviews.63,66

In our research study, we used phenomenology to investigate the
experience of interview assessment in the laboratory environ-
ment for students.67,68

Participants and Settings/Context

This study took place at a medium-sized, private, primarily
undergraduate university in the United States of America. At the
time of this study, the institution served approximately 6100
students, where 61% identified as female and 83% were full-time
students. In the total student body, 75% were white (non-
Hispanic) and black, indigenous, and people of color (BIPOC)
made up 25% of the undergraduate student body.
A qualitative approach using purposeful sampling was used to

answer the research questions presented in this study.68

Students who were above 18 years old and completed this
biochemistry laboratory class for the first time were selected.
After obtaining the Institutional Review Board (IRB) approval,
students were recruited from the biochemistry lab sections in the

Fall 2018 and Fall 2019 semesters. Because we were interested in
student’s experiences after having lab interviews, we decided to
recruit students after the semester was complete. Participants for
this study were recruited during the final week of the semester
from the biochemistry laboratory course. A total of 16
participants volunteered to participate: 12 identified as females,
4 identified as male, and all students were chemistry majors.
Data saturation was achieved because no new information was
uncovered after Sai’s interview, which was the 11th interview.
We decided to interview an additional five participants to ensure
data saturation. No new information was found in the remaining
five interviews. The participants received a $10 Amazon gift card
as compensation for participation in an approximately 1 h
semistructured interview. All students were given pseudonyms
to protect confidentiality. The participant demographics
regarding pseudonyms and student classification levels are
shown in Table 2. Students’ reported grades ranged from “A” to
“C−” for the lab course.

Study Interviews

A semistructured interview protocol was developed to explore
the student’s perceptions of the lab interview assessment in the
biochemistry lab. The interview was conducted by a chemical
education researcher with no connection to the biochemistry
lab. The interview protocol was piloted with two students to
generate a revised protocol used in the study (see the Supporting
Information). After students signed consent forms, their
interviews were audio-recorded. These interviews ranged in
length from 30 to 48 min. During the interview, students were
prompted to respond to the following key questions:

1. Can you describe your experience in the biochemistry
laboratory?

2. Can you describe to me the interview process for you in
the biochemistry lab?

3. Describe how you retained the information presented in
the lab?

4. How did you prepare for the lab interviews?

Data Analysis

Data analysis and interpretation followed the general guidelines
of phenomenology proposed in the literature.68,69 Recorded
interviews were transcribed and independently coded by two
members of the research team using an open-coding approach. A

Table 2. Participant Pseudonyms and Classification Levels

Participants (Pseudonym) Classification

Casey Junior
Gio Junior
Jamie Junior
Jessie Junior
Jordan Junior
Marion Junior
Morgan Junior
Peyton Junior
Riley Junior
Robin Junior
Sai Junior
Taylor Junior
Tenzin Junior
Blair Senior
Charlie Senior
Harley Senior
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code list was generated and refined over several sessions by the
two coders. Both coders then compared their codes reiteratively
until a consensus was achieved. Codes were further analyzed for
emergent themes, and a third researcher, with experience in
qualitative research, assessed the codes and the emergent
themes.69 The constant comparative method used for analyzing
the data led to core themes (Table 3). The interconnection
among these themes was established to produce an outcome
space.
After a coding table and themes were uncovered, member

checks were conducted with student participants, the laboratory
instructor, and another CER researcher who was not involved in
developing the coding table. Member checks are performed in
many qualitative studies to aid in the trustworthiness of the data.

Aside from a few words mentioned in the interview, no
significant changes were made during these member checks.

■ FINDINGS AND DISCUSSION

This phenomenological study’s leading question was: What is
the phenomenon students are experiencing during the oral
interview assessment for the biochemistry lab?
Repeated analyses of the interview codes and themes

generated the outcome space shown in Figure 1. The three
dimensions in the outcome space were nested to show the
students’ general perceptions of the lab interview experience.
In the outcome space, the outer layer describes what students

thought about the lab interview assessment. The second layer
reveals how students responded in anticipation of the lab

Table 3. Example Coding Table Developed from Data
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interviews. The third layer then reveals why students responded
the way they did and the feelings that drove their behaviors.
Throughout these three layers, the core factor that resonates was
the continuous perception that the lab interview assessment
revealed gaps in their knowledge.

Lab Interviews Elicited Feelings of Unease

Lab interviews elicited strong feelings of uneasiness for the
students. Students described their initial feelings in the lab
interview as feelings of stress, intimidation, and nervousness.
When probed, students elaborated on why they felt uneasy
about the lab interview. In general, students described the fear of
being questioned and not knowing the answer. When asked
about the lab interviews, Jordan responded by saying:

They [lab interviews] were stressful because I guess you
don’t really know what he’s gonna ask of you because when
you have post-lab questions, you know, “Oh, okay, I know I
have to look at this. I know I can read my book for this.”
But you’re walking in there, and you don’t really know what
he’s gonna ask you. You know what you did in the lab and
why you did certain things in the lab. But he had a way of
applying it to real-life situations and where scientists use
those methods for real analysis. So I guess that was stressful,
the stressful part of it because he would apply it to the
things and maybe expand a question right on the spot.
Tenzin also mirrored this fear of being asked an unknown

question by saying:
I think [there] was def initely nerves, and then it was also
just he would ask questions that you would not think you
would have to know the answer to. So you really had to be
creative when you were studying for... Just think of any
question that he could possibly ask.
At first glance, Jordan and Tenzin’s responses give the

impression that students felt uneasy because they did not know
what they were going to be asked. However, students did receive
guiding questions from the lab manual. Instead, Jordan and
Tenzin’s experiences highlight the vulnerability students feel
when being directly questioned to apply the knowledge they
gained. Robin gave more insight into the uneasy feelings
students expressed:

Yeah, I was intimidated, I didn’t know what to expect, so I
was scared. I was scared to say the wrong thing, and I didn’t
want Dr. X to get the wrong impression, or the impression
that I didn’t know the material well, or kind of make that
judgment of me as a student right of f the bat.
Robin’s uneasy feelings about the interview stemmed from a

need to appear knowledgeable in front of the instructor. This
was also echoed by Morgan:

Honestly, I was really nervous going in...I feel like... So
[chuckle] post labs [reports], when they’re written, the
questions, I feel don’t really help you with the knowledge
that you are learning in that lab, whereas the interview, it
was all about the lab procedures and how you can apply it
to outside. And for the written post labs, a lot of the times,
we just kinda Google the questions [chuckle] ’cause we don’t
really know what they’re trying to ask us, but when you’re
face-to-face with your professor, you have to think. You
personally have to think of your prior knowledge and what
he taught you and like put it all together. And I feel that
contact, like being in-person, helped us even retain that
knowledge. Whereas when you do the post labs, you just
hand it in, and you never see it again.
In general, students felt that the lab interviews could somehow

show the professor that they did not know the material. This is a
critical point because lab report conclusions, post-lab questions,
and data analysis sections are intended to check student
knowledge; however, our students believe lab reports could not
do so. This theme of “uneasy feels” continued to appear in other
interviews in the study:

Peyton:
Well, I [felt] stressed the f irst time because I did not know what to

expect, but af ter I did that f irst interview, I knew like, “Oh, this is
f ine,” ’cause...it is like a conversation rather than just giving me
questions. In Orgo lab, I feel like there’s no way of knowing if the kids
actually understood the lab, or if they just looked at the answers or
got the answers f rom someone else. I feel like doing the interviews; he
made sure he knew which students knew the lab, which students did
not know the lab and which students understood it, so that he made
sure that all of us were on the same page. And that we all understood
the material.

Marion:
[Interviews were] intimidating. If some...if your professor is

asking you questions f irst hand, and you do not really know them
straight of f the bat. So you had to def initely come prepared to the
interview knowing the lab, knowing exactly what you did, knowing
the procedure, ’cause that was always a question. Every single step
that we did. And then he just asked basic concept questions, things
that we should have known in the lab, what certain solutions were
used for, what the results meant, and basically just understanding the
lab fully, yeah.
Peyton and Marion, like other participants in the study,

described the lab interview assessment’s ability to uncover what
students know. In particular, Marion’s interview highlights the
feelings of being verbally questioned and how this affected their
preparation for lab interviews, which we discuss further below.

Lab InterviewsAffected Student Actions in and Preparation
for Lab

Lab interviews also played a pivotal role for students regarding
their actions in and preparation for the lab. Students described
initial uneasy feelings associated with the lab interview because
they felt their knowledge gaps were revealed to the professor.
This feeling seemingly acted as a motivational factor to
encourage them to prepare and actively participate in the lab.
This point was explicitly uncovered in Robin’s interview:

Figure 1. Outcome space of student perceptions of lab interviews as a
form of assessment.
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Lab reports do take longer, and I feel like you don’t... For
me, personally, I didn’t really retain much of that
information. And it’s like the questions itself, if you didn’t
understand them while you were doing the lab, there was no
way you were gonna answer them post-lab. So it’s even more
challenging, I guess. But if you have all that, I guess, stuf f
prepared because you’re expecting a quiz and because you
need to know it for the interview, ’cause it’s an incentive, you
really understand the lab as you’re doing it, compared to in
[other] chemistry [labs]. And if you’re just given stuf f to do,
you don’t really do the research on your own or go and do
that work beforehand, whereas in doing that interview,
you’re kind of forced to do that lab work beforehand
Other students also stated that lab interviews acted as a

driving force for their actions and attention in the lab. Peyton
said:

I like them [lab interviews]. I like them a lot better than
having to do post-labs. Like in Gen Chem and Orgo, we
would have to do f ive post-lab questions. And I feel like that
doesn’t really help you because you could just look them up
online. But in an interview, it forces you to think on the spot
and constantly be aware of what you’re doing in the lab and
pay attention during the lab, what you were doing, and
write down observations. It really forces you to really work
in a lab, whereas I feel like, in Gen Chem and Orgo, you
could cheat your way through it.
Despite lab interviews being a graded assessment, the social

interactions of explaining information seemed to be a huge
driving force for students. This intimate social interaction was
highlighted by others, such as Casey who said:

During the lab, I would write notes on my lab paper about
what we did or how much stuf f we added. And then before
the interview, I would just look all that over and make sure I
know how everything worked, to then be able to explain it.
Just ’cause for lab reports, you’re given a specif ic few
questions that you have to answer. And most people just
Google them and don’t really think conceptually what’s
going on. But with the interviews, you were face-to-face with
him, so you had to give the right answer, and you couldn’t
have... You weren’t allowed your textbook, so you only could
use your notes... So you had to know what you were talking
about.
Again, students seemed to feel that their gaps in knowledge

were uncovered during the lab interview. This feeling led them
to actively engaging in the lab in a way they hadn’t before.
Casey’s interview emphasized that there were no outside sources
of information, and Riley also mirrored this point:

In Orgo labs, we answer the questions. Obviously, students
are gonna look up the questions, answers, everything.
They’re gonna look it up, they’re gonna ask people’s help. In
your [lab] interview, you don’t have any other option. You
don’t have any other option besides preparing yourself. And
he kind of, I think, he changes up the questions too, that’s
what he said. Reading the textbook before [lab], preparing
yourself before coming in. Doing the lab by yourself, you
have to focus in there.
Riley’s interview, along with the other participant interviews,

described lab interviews as an incentive. According to the
participants, lab interviews “forced” them to prepare and actively
engage in the lab. Perhaps other factors may have contributed to
this, such as the flipped classroom pre-lab setting; however, the
students perceived the lab interview’s ability to reveal knowledge
gaps as the contributing factor. Students described only having

their knowledge with them in the interview with no outside
sources such as Google. As Casey said, “you had to know what you
were talking about”, and so they prepared accordingly during
their lab time.

Lab Interviews Promoted Deeper Learning (interview
structure promoted deeper understanding)

Throughout the interviews, students mentioned that they
learned more because of the lab interviews. When exploring
this point, students would indicate that the type of questions, the
lab interview’s informal format, and the instant feedback
received during the lab interview were crucial to their
development of deeper understanding. Students were subjected
to lower-order cognitive questions, but it was their exposure to
higher-order cognitive questions that made them feel
“challenged”:

Gio:
I thought they [lab interviews] were good because it was very... I

like a challenge. I like the harder questions. I would not want him to
just say, “Oh, what concentrations would you use?” I’d wanna
understand why I use that concentration. So it was stuf f like... It was
those kinds of questions that I enjoyed that I thought were good for
everybody to know and understand why you did, why you use them,
and I guess understand the lab, the experiment. I keep saying that. I
do not want something to be easy, I wanna understand, I wanna do
the harder stuf f.

Jordan:
But the interview questions were very... They kept you on your

toes, so I liked them. Those were good for me, I guess, and very
benef icial because they kept me on my toes, and it was not something
where I could just Google to explain more. I had to really think about
it and use my knowledge of the lecture and the lab, and everything to
answer the question
The type of questions asked in the lab interview seemed to

push students to dig deeper. Students had to connect their data
with concepts from the lecture and lab. Both Gio and Jordan
liked the challenge of the lab interviews, and their statements
both highlight the development of more complex conceptual
frameworks by receiving questions that asked “why”.
Students also mentioned the ability to communicate their

ideas freely without having to structure them in a particular
format, such as the format of lab reports. This was expressed by
several students, such as Riley, a junior whose second language is
English:

Personally, I think interviews are better, but some of the
questions were so mean. They were terrible. I guess I didn’t
know what he was at, looking for as an answer, but lab
reports, I hate writing lab reports. I hate writing essays,
that’s why I think interviews are better because you just kind
of have to know the material and like speak. You could tell
him what you wanted to say, you could explain him better
than just writing it on paper. So I feel like interviews were
better.
Peyton also mirrored this thought:
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I feel like the Biochem lab interviews helped me because I
think better talking out loud and it wasn’t intimidating. He
made it more like a conversation so that it was kind of like a
discussion about science rather than... I hated the post-lab
reports. I hated writing up what I’ve done. And then I also
like, I don’t know. I liked it better having that one-on-one
conversation about it. And instead of, if I didn’t, because if I
was forced to just answer questions, I would have probably
looked up on the internet, or read articles to try and f ind the
answers rather than think... It kind of forced me to think on
my own rather than using the internet and using a crutch, or
a textbook or whatever. It kind of forced me to do it on my
own...[chuckle] those interviews...
Both Riley and Peyton highlighted the development of their

conceptual frameworks through communicating that knowl-
edge. This point has been brought up in educational papers that
discuss the importance of learning through communicating with
others.34,42,48 It is also important to notice that they both took
ownership of the information as something that they had to
know.
Another important element of the interview was the ability for

students to receive instant feedback. Students often talked about
the lab interview being more of a conversation as opposed to a
test, and they frequently mentioned receiving immediate
feedback about their thought process. This was explained by
Blair:

Yeah, I feel like if I’m just writing a lab report, if I don’t
understand, I won’t know that until it’s graded, and it’s
handed back to me, and it has comments. But with the
conversation, if my understanding is wrong, he’ll stop me
right there, and he’ll be like, “No, we’re going to start f rom
the bottom up.
Other students like Morgan also echoed this point:
I just think you retain the knowledge better, and you can f ix
what you got wrong, whereas no one’s... I really believe that
no one looks at their post labs and reads what they got
wrong. Like, they’re just like, “Oh, it’s f ine,″ like, “I got the
grade,″ but when you’re sitting there in f ront of your
professor and he’s asking you the questions he expects you to
know, you’re gonna think hard about it, and you’re gonna
give your best answer, and then if you’re not right, you’re
gonna sit there and listen to why you got it wrong, and then
you’re like, “Oh, that makes total sense. I could have came
up with that answer,″ and I think you learn better that way.
Research has frequently explored the differences between

novice and expert problem solvers and the scaffolding that
individuals need to move from novice to expert.34 Here, we can
see that students perceived that lab interviews provide
opportunities to develop more coherent conceptual frameworks
through immediate feedback and as a means to fill in their gaps
in knowledge.
At the core of all students’ experiences was the perception that

lab interviews exposed gaps in their knowledge. Students held
this core belief that lab interviews were very different from
writing a lab report. Lab interviews were seen, by students, as a
form of assessment that allowed the professor to access their
understanding of concepts in the lab completely. This common
perception was distilled from three areas students discussed in
their interviews. The three dimensions that the lab interviews
affected were (1) feelings, which then affected (2) their
performance, which in turn prompted (3) deeper learning.
When asked about the lab interviews, all students described their
feelings toward the lab interviews. Students explained how their

feelings toward lab interviews affected their performance before,
during, and after lab. Students then described how the very
structure of the lab interview helped to foster deeper learning for
them.

■ LIMITATIONS

Phenomenological studies aim to reveal how students
experience certain events. They do not necessarily reveal the
“truth”. Thus, we have presented our best explanation of how
these students experienced lab interviews as a form of
assessment in an upper-level undergraduate biochemistry class.
This paper is intended to address interviewing as a form of
assessment in laboratories; however, we do not advocate that all
laboratory assessments be oral assessments. Lab reports are vital
in helping students learn how to organize their findings to
present to a scientific community. In the American Chemical
Society and the American Society for Biochemistry and
Molecular Biology guidelines for certification, students are
required to obtain both oral and written communication skills.5

Interviewing students as an alternative assessment to traditional
laboratory report was developed to be used with upper-level
biochemistry students in relatively small class sizes. This
laboratory assessment was not conducted at the introductory
chemistry level and has not been used on other populations. Oral
assessment can also prove challenging to implement in large
laboratory sections with large student to teacher/GTA ratios.
However, there is a need to provide students with various
laboratory experiences that address both oral and written
communication skills.

■ CONCLUSIONS AND IMPLICATIONS

There is little reason to believe that any decrease in the emphasis
on assessment is on the horizon for higher education. The recent
move to online courses for most institutions introduces a
renewed need to find more creative ways to assess students
without losing academic integrity. The results presented herein
can contribute significantly to designing more purposeful
assessments in undergraduate chemistry laboratory courses.
The interview responses in the study showed that students had
an overall positive lab interview experience. Previous studies
have also found that students have positive experiences with oral
assessments in lecture courses;42,45 however, this study provides
insight into why students have a positive experience. The
students’ perceptions of lab interviews indicated that they felt
accountable for preparing for this assessment. Students did not
want to reveal gaps in their knowledge, and thus an individual
accountability of knowledge was developed, despite having lab
partners. It also motivated students to actively participate in
their knowledge construction during lab. The core of the lab
interview phenomenon (and, to a larger extent, oral assessment)
is feeling like gaps in knowledge are revealed.
Lab interviews provide instructors with the flexibility to probe

student’s knowledge and understanding of concepts, which is
key to helping students gain a deeper understanding of those
topics. Each lab interview consists of the same questions, but
instructors can scaffold questions to individual learner levels.
The additional face-to-face element of lab interviews catalyzes
students to understand the material rather than rely on outside
sources during an assessment.
The ability to communicate both in written and verbal

formats is required for many jobs in academia and industry.
Reports from the employers of higher education graduates
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indicate the existence of a considerable gap between the skills
needed by employers and those possessed by recent graduates;
among these skills exists the skill of communication.70 Some of
these communication skills are hard, if not impossible, to
measure through written exams or PowerPoint presentations.
Perhaps curriculums can start to think about incorporating a
variety of assessments not only in lecture classes but also in lab
classes as well. Oral exams offer the opportunity to assess
students’ knowledge gaps and develop a more coherent
conceptual framework. Oral exams provide a meaningful way
to test students along all of Bloom’s domains, allowing for more
expansive exploration of students’ problem-solving capabilities.
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(20) Villafañe, S. M.; Loertscher, J.; Minderhout, V.; Lewis, J. E.
Uncovering Students’ Incorrect Ideas about Foundational Concepts for
Biochemistry. Chem. Educ. Res. Pract. 2011, 12 (2), 210−218.
(21) Linenberger, K. J.; Bretz, S. L. Biochemistry Students’ Ideas
about Shape and Charge in Enzyme-Substrate Interactions. Biochem.
Mol. Biol. Educ. 2014, 42 (3), 203−212.
(22) Bretz, S. L.; Linenberger, K. J. Development of the Enzyme-
Substrate Interactions Concept Inventory. Biochem. Mol. Biol. Educ.
2012, 40 (4), 229−233.
(23) Lang, F. K.; Bodner, G. M. A Review of Biochemistry Education
Research. J. Chem. Educ. 2020, 97 (8), 2091−2103.
(24) Towns, M. H. Developing Learning Objectives and Assessment
Plans at a Variety of Institutions: Examples and Case Studies. J. Chem.
Educ. 2010, 87 (1), 91−96.
(25) Park, M.; Liu, X.; Waight, N. Development of the Connected
Chemistry as Formative Assessment Pedagogy for High School
Chemistry Teaching. J. Chem. Educ. 2017, 94 (3), 273−281.

Journal of Chemical Education pubs.acs.org/jchemeduc Article

https://doi.org/10.1021/acs.jchemed.1c00150
J. Chem. Educ. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00150?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00150?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.1c00150/suppl_file/ed1c00150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.1c00150/suppl_file/ed1c00150_si_002.docx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikita+L.+Burrows"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2708-7332
mailto:nburrows@monmouth.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+Ouellet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-7181-6304
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaimy+Joji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jillian+Man"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00150?ref=pdf
https://doi.org/10.1002/(SICI)1098-2736(199711)34:9<891::AID-TEA4>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1098-2736(199711)34:9<891::AID-TEA4>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1098-2736(199711)34:9<891::AID-TEA4>3.0.CO;2-P
https://doi.org/10.1039/B4RP90027H
https://doi.org/10.1039/B4RP90027H
https://doi.org/10.1002/sce.10106
https://doi.org/10.1002/sce.10106
https://www.acs.org/content/acs/en/education/policies/acs-approval-program.html
https://www.acs.org/content/acs/en/education/policies/acs-approval-program.html
https://www.acs.org/content/acs/en/education/policies/acs-approval-program.html
https://doi.org/10.1021/acs.jchemed.5b00538
https://doi.org/10.1021/acs.jchemed.5b00538
https://doi.org/10.1021/acs.jchemed.5b00538
https://doi.org/10.1021/acs.jchemed.5b00737
https://doi.org/10.1021/acs.jchemed.5b00737
https://doi.org/10.1021/acs.jchemed.5b00737
https://doi.org/10.1021/ed080p1197
https://doi.org/10.1021/ed080p1197
https://doi.org/10.1021/ed080p1197
https://doi.org/10.1109/TE.2017.2706667
https://doi.org/10.1109/TE.2017.2706667
https://doi.org/10.1109/TE.2017.2706667
https://doi.org/10.1109/TE.2017.2706667
https://doi.org/10.1039/C005352J
https://doi.org/10.1039/C005352J
https://doi.org/10.1080/02635143.2013.764516
https://doi.org/10.1080/02635143.2013.764516
https://doi.org/10.1080/02635143.2013.764516
https://doi.org/10.1021/ed200632c
https://doi.org/10.1021/ed200632c
https://doi.org/10.1021/ed200632c
https://doi.org/10.1039/B806229N
https://doi.org/10.1039/B806229N
https://doi.org/10.1002/bmb.20792
https://doi.org/10.1002/bmb.20792
https://doi.org/10.1039/C1RP90026A
https://doi.org/10.1039/C1RP90026A
https://doi.org/10.1002/bmb.20776
https://doi.org/10.1002/bmb.20776
https://doi.org/10.1002/bmb.20622
https://doi.org/10.1002/bmb.20622
https://doi.org/10.1021/acs.jchemed.9b01175
https://doi.org/10.1021/acs.jchemed.9b01175
https://doi.org/10.1021/ed8000039
https://doi.org/10.1021/ed8000039
https://doi.org/10.1021/acs.jchemed.6b00299
https://doi.org/10.1021/acs.jchemed.6b00299
https://doi.org/10.1021/acs.jchemed.6b00299
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.1c00150?rel=cite-as&ref=PDF&jav=VoR


(26)Offerdahl, E. G.; Arneson, J. B. Formative Assessment to Improve
Student Learning in Biochemistry. In ACS Symposium Series; Bussey, T.
J., Linenberger Cortes, K., Austin, R. C., Eds.; American Chemical
Society: Washington, DC, 2019; Vol. 1337, pp 197−218.
(27) Burrows, N. L.; Mooring, S. R. Using Concept Mapping to
Uncover Students’ Knowledge Structures of Chemical Bonding
Concepts. Chem. Educ. Res. Pract. 2015, 16 (1), 53−66.
(28) Carle, M. S.; Flynn, A. B. Essential Learning Outcomes for
Delocalization (Resonance) Concepts: How Are They Taught,
Practiced, and Assessed in Organic Chemistry? Chem. Educ. Res.
Pract. 2020, 21 (2), 622−637.
(29) Dixson, D. D.; Worrell, F. C. Formative and Summative
Assessment in the Classroom. Theory Pract. 2016, 55 (2), 153−159.
(30) Sandlin, B.; Harshman, J.; Yezierski, E. Formative Assessment in
High School Chemistry Teaching: Investigating the Alignment of
Teachers’Goals with Their Items. J. Chem. Educ. 2015, 92 (10), 1619−
1625.
(31) Siweya, H. J.; Letsoalo, P. Formative Assessment by First-Year
Chemistry Students as Predictor of Success in Summative Assessment
at a South African University. Chem. Educ. Res. Pract. 2014, 15 (4),
541−549.
(32) Carpenter, S. K.; Rahman, S.; Lund, T. J. S.; Armstrong, P. I.;
Lamm, M. H.; Reason, R. D.; Coffman, C. R. Students’Use of Optional
Online Reviews and Its Relationship to Summative Assessment
Outcomes in Introductory Biology. CBELife Sci. Educ. 2017, 16
(2), ar23.
(33) Bodner, G. M. I Have Found You an Argument: The Conceptual
Knowledge of Beginning Chemistry Graduate Students. J. Chem. Educ.
1991, 68 (5), 385.
(34) Bodner, G. M.; Herron, J. D. Problem-Solving in Chemistry. In
Chemical Education: Towards Research-based Practice; Gilbert, J. K., De
Jong, O., Justi, R., Treagust, D. F., Van Driel, J. H., Eds.; Springer
Netherlands: Dordrecht, 2003; pp 235−266.
(35) Dianovsky, M. T.; Wink, D. J. Student Learning through Journal
Writing in a General Education Chemistry Course for Pre-elementary
Education Majors. Sci. Educ. 2012, 96 (3), 543−565.
(36) Deiner, L. J.; Newsome, D.; Samaroo, D. Directed Self-Inquiry: A
Scaffold for Teaching Laboratory Report Writing. J. Chem. Educ. 2012,
89 (12), 1511−1514.
(37) Tilstra, L. Using Journal Articles to Teach Writing Skills for
Laboratory Reports in General Chemistry. J. Chem. Educ. 2001, 78 (6),
762.
(38) Novak, J. D.; Gowin, D. B. Learning How to Learn; Cambridge
University Press, 1984.
(39) Abidin, I. I. Z.; Zain, S. F. H. S.; Rasidi, F. E. M.; Kamarzaman, S.
Chemistry Lab Reports At University: To Write Or Not To Write. J.
Coll. Teach. Learn. 2013, 10 (3), 203−212.
(40) Carmel, J. H.; Herrington, D. G.; Posey, L. A.; Ward, J. S.;
Pollock, A. M.; Cooper, M. M. Helping Students to “Do Science”:
Characterizing Scientific Practices in General Chemistry Laboratory
Curricula. J. Chem. Educ. 2019, 96 (3), 423−434.
(41) Haagen-Schuetzenhoefer, C. Improving the Quality of Lab
Reports by Using Them as Lab Instructions. Phys. Teach. 2012, 50 (7),
430−433.
(42) Dicks, A. P.; Lautens, M.; Koroluk, K. J.; Skonieczny, S.
Undergraduate Oral Examinations in a University Organic Chemistry
Curriculum. J. Chem. Educ. 2012, 89 (12), 1506−1510.
(43) Bowen, C. W. Think-Aloud Methods in Chemistry Education:
Understanding Student Thinking. J. Chem. Educ. 1994, 71 (3), 184.
(44) Walker, J. P.; Sampson, V. Learning to Argue and Arguing to
Learn: Argument-Driven Inquiry as a Way to Help Undergraduate
Chemistry Students LearnHow to Construct Arguments and Engage in
Argumentation During a Laboratory Course. J. Res. Sci. Teach. 2013, 50
(5), 561−596.
(45) Roecker, L. Using Oral Examination as a Technique To Assess
Student Understanding and Teaching Effectiveness. J. Chem. Educ.
2007, 84 (10), 1663.
(46) Muldoon, J. A. The Value of Oral Examinations. J. Chem. Educ.
1926, 3 (7), 773.

(47) Crawford, G. L.; Kloepper, K. D. Exit Interviews: Laboratory
Assessment Incorporating Written and Oral Communication. J. Chem.
Educ. 2019, 96 (5), 880−887.
(48) Ramella, D. Oral Exams: A Deeply Neglected Tool for Formative
Assessment in Chemistry. In ACS Symposium Series; Blaser, M., Clark,
T., Lamont, L., Stewart, J. J., Eds.; American Chemical Society:
Washington, DC, 2019; Vol. 1340, pp 79−89.
(49) Hambrecht, G. Oral Examinations: A New Measure of Learner
Success. Delta Kappa Gamma Bull. 2003, 69 (3), 31−32.
(50) Farrell, S. O.; Taylor, L. E. Experiments in Biochemistry: A Hands-
on Approach; Cengage Learning, 2005.
(51) JoVE | Peer Reviewed Scientific Video Journal - Methods and
Protocols. https://www.jove.com/journal/biochemistry (accessed
2020-05-29).
(52) Seery, M. K. Flipped Learning in Higher Education Chemistry:
Emerging Trends and Potential Directions. Chem. Educ. Res. Pract.
2015, 16 (4), 758−768.
(53) Fung, F. M. Using First-Person Perspective Filming Techniques
for a Chemistry Laboratory Demonstration To Facilitate a Flipped Pre-
Lab. J. Chem. Educ. 2015, 92 (9), 1518−1521.
(54) Teo, T. W.; Tan, K. C. D.; Yan, Y. K.; Teo, Y. C.; Yeo, L. W. How
Flip Teaching Supports Undergraduate Chemistry Laboratory
Learning. Chem. Educ. Res. Pract. 2014, 15 (4), 550−567.
(55) Tienson-Tseng, H. L. Best Practices in Summative Assessment.
In ACS Symposium Series; Bussey, T. J., Linenberger Cortes, K., Austin,
R. C., Eds.; American Chemical Society: Washington, DC, 2019; Vol.
1337, pp 219−243.
(56) Crowe, A.; Dirks, C.; Wenderoth, M. P. Biology in Bloom:
Implementing Bloom’s Taxonomy to Enhance Student Learning in
Biology. CBELife Sci. Educ. 2008, 7 (4), 368−381.
(57) Schinske, J.; Tanner, K. Teaching More by Grading Less (or
Differently). CBELife Sci. Educ. 2014, 13 (2), 159−166.
(58) Allen, D.; Tanner, K. Rubrics: Tools for Making Learning Goals
and Evaluation Criteria Explicit for Both Teachers and Learners.
CBELife Sci. Educ. 2006, 5 (3), 197−203.
(59) Novak, J. D. Human Constructivism: A Unification of
Psychological and Epistemological Phenomena in Meaning Making.
Int. J. Pers. Constr. Psychol. 1993, 6 (2), 167−193.
(60) Novak, J. D. Meaningful Learning: The Essential Factor for
Conceptual Change in Limited or Inappropriate Propositional
Hierarchies Leading to Empowerment of Learners. Sci. Educ. 2002,
86 (4), 548−571.
(61) Ausubel, D. G. Cognitive Structure and the Facilitation of
Meaningful Verbal Learning1. J. Teach. Educ. 1963, 14 (2), 217−222.
(62) Nakhleh, M. B.; Polles, J.; Malina, E. Learning Chemistry in a
Laboratory Environment. In Chemical Education: Towards Research-
based Practice; Gilbert, J. K., De Jong, O., Justi, R., Treagust, D. F., Van
Driel, J. H., Eds.; Springer Netherlands: Dordrecht, 2002; pp 69−94..
(63) Bodner, G. Twenty Years of Learning: How To Do Research in
Chemical Education. 2003 George C. Pimentel Award. J. Chem. Educ.
2004, 81 (5), 618.
(64) Sandi-Urena, S.; Cooper, M. M.; Gatlin, T. A.; Bhattacharyya, G.
Students’ Experience in a General Chemistry Cooperative Problem
Based Laboratory. Chem. Educ. Res. Pract. 2011, 12 (4), 434−442.
(65) Chopra, I.; O’Connor, J.; Pancho, R.; Chrzanowski, M.; Sandi-
Urena, S. Reform in a General Chemistry Laboratory: How Do
Students Experience Change in the Instructional Approach? Chem.
Educ. Res. Pract. 2017, 18 (1), 113−126.
(66) Østergaard, E.; Dahlin, B.; Hugo, A. Doing Phenomenology in
Science Education: A Research Review. Stud. Sci. Educ. Leeds 2008, 44
(2), 93−121.
(67) Moustakas, C. Phenomenological Research Methods; SAGE
Publications, Inc.: Thousand Oaks, CA, 1994..
(68) Patton, M. Q. Qualitative Research & Evaluation Methods:
Integrating Theory and Practice; SAGE Publications, Inc.: Thousand
Oaks, CA, 2014.
(69) Creswell, J. W.; Clark, V. L. P. Designing and Conducting Mixed
Methods Research; SAGE Publications, Inc.: Thousand Oaks, CA, 2017.

Journal of Chemical Education pubs.acs.org/jchemeduc Article

https://doi.org/10.1021/acs.jchemed.1c00150
J. Chem. Educ. XXXX, XXX, XXX−XXX

J

https://doi.org/10.1021/bk-2019-1337.ch009
https://doi.org/10.1021/bk-2019-1337.ch009
https://doi.org/10.1039/C4RP00180J
https://doi.org/10.1039/C4RP00180J
https://doi.org/10.1039/C4RP00180J
https://doi.org/10.1039/C9RP00203K
https://doi.org/10.1039/C9RP00203K
https://doi.org/10.1039/C9RP00203K
https://doi.org/10.1080/00405841.2016.1148989
https://doi.org/10.1080/00405841.2016.1148989
https://doi.org/10.1021/acs.jchemed.5b00163
https://doi.org/10.1021/acs.jchemed.5b00163
https://doi.org/10.1021/acs.jchemed.5b00163
https://doi.org/10.1039/C4RP00032C
https://doi.org/10.1039/C4RP00032C
https://doi.org/10.1039/C4RP00032C
https://doi.org/10.1187/cbe.16-06-0205
https://doi.org/10.1187/cbe.16-06-0205
https://doi.org/10.1187/cbe.16-06-0205
https://doi.org/10.1021/ed068p385
https://doi.org/10.1021/ed068p385
https://doi.org/10.1007/0-306-47977-X_11
https://doi.org/10.1002/sce.21010
https://doi.org/10.1002/sce.21010
https://doi.org/10.1002/sce.21010
https://doi.org/10.1021/ed300169g
https://doi.org/10.1021/ed300169g
https://doi.org/10.1021/ed078p762
https://doi.org/10.1021/ed078p762
https://doi.org/10.19030/tlc.v10i3.7937
https://doi.org/10.1021/acs.jchemed.8b00912
https://doi.org/10.1021/acs.jchemed.8b00912
https://doi.org/10.1021/acs.jchemed.8b00912
https://doi.org/10.1119/1.4752052
https://doi.org/10.1119/1.4752052
https://doi.org/10.1021/ed200782c
https://doi.org/10.1021/ed200782c
https://doi.org/10.1021/ed071p184
https://doi.org/10.1021/ed071p184
https://doi.org/10.1002/tea.21082
https://doi.org/10.1002/tea.21082
https://doi.org/10.1002/tea.21082
https://doi.org/10.1002/tea.21082
https://doi.org/10.1021/ed084p1663
https://doi.org/10.1021/ed084p1663
https://doi.org/10.1021/ed003p773
https://doi.org/10.1021/acs.jchemed.8b00950
https://doi.org/10.1021/acs.jchemed.8b00950
https://doi.org/10.1021/bk-2019-1340.ch006
https://doi.org/10.1021/bk-2019-1340.ch006
https://www.jove.com/journal/biochemistry
https://doi.org/10.1039/C5RP00136F
https://doi.org/10.1039/C5RP00136F
https://doi.org/10.1021/ed5009624
https://doi.org/10.1021/ed5009624
https://doi.org/10.1021/ed5009624
https://doi.org/10.1039/C4RP00003J
https://doi.org/10.1039/C4RP00003J
https://doi.org/10.1039/C4RP00003J
https://doi.org/10.1021/bk-2019-1337.ch010
https://doi.org/10.1187/cbe.08-05-0024
https://doi.org/10.1187/cbe.08-05-0024
https://doi.org/10.1187/cbe.08-05-0024
https://doi.org/10.1187/cbe.cbe-14-03-0054
https://doi.org/10.1187/cbe.cbe-14-03-0054
https://doi.org/10.1187/cbe.06-06-0168
https://doi.org/10.1187/cbe.06-06-0168
https://doi.org/10.1080/08936039308404338
https://doi.org/10.1080/08936039308404338
https://doi.org/10.1002/sce.10032
https://doi.org/10.1002/sce.10032
https://doi.org/10.1002/sce.10032
https://doi.org/10.1177/002248716301400220
https://doi.org/10.1177/002248716301400220
https://doi.org/10.1007/0-306-47977-X_4
https://doi.org/10.1007/0-306-47977-X_4
https://doi.org/10.1021/ed081p618
https://doi.org/10.1021/ed081p618
https://doi.org/10.1039/C1RP90047A
https://doi.org/10.1039/C1RP90047A
https://doi.org/10.1039/C6RP00082G
https://doi.org/10.1039/C6RP00082G
https://doi.org/10.1080/03057260802264081
https://doi.org/10.1080/03057260802264081
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.1c00150?rel=cite-as&ref=PDF&jav=VoR


(70) Talgar, C. P.; Goodey, N. M. Views from Academia and Industry
on Skills Needed for the Modern Research Environment. Biochem. Mol.
Biol. Educ. 2015, 43 (5), 324−332.

Journal of Chemical Education pubs.acs.org/jchemeduc Article

https://doi.org/10.1021/acs.jchemed.1c00150
J. Chem. Educ. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1002/bmb.20883
https://doi.org/10.1002/bmb.20883
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.1c00150?rel=cite-as&ref=PDF&jav=VoR

