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ABSTRACT: The COVID-19 pandemic necessitated the move to online teaching and assessment. This has created challenges in
teaching laboratory skills and producing assessments that are robust and fair. Our solution was to use bespoke laboratory videos to
provide laboratory training and to generate unique data sets for each student in coursework and exams. For assessments, R was used
to produce student data packs comprising data and images, and associated staff answer files with plotted data and worked answers. In
the new open-book online environment, this approach enabled us to create assessments that were the students’ own work with no
evidence of student collusion. We observed no difference in student performance for the coursework or exam: The mean and median
marks for the course remained the same as in previous years.
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At the University of Exeter, Biochemistry and Biological and
Medicinal Chemistry degree students are taught within the

Department of Biosciences. In the first term of their second year,
these students take the compulsory module “Analytical
Techniques in Biochemistry”. This module teaches biological
mass spectrometry, fluorescence techniques, separation science,
immunological techniques such as enzyme-linked immunosorb-
ent assay (ELISA), and cryo-electron microscopy. A substantial
part of themodule is spent in the laboratory (two 6 h and one 3 h
sessions) and processing experimental data (Table 1, Figure 1).
These activities are assessed through an extended laboratory
report within term (coursework) and by performing calculations
based on one of the experiments (in an end-of-module
examination). Due to the UK COVID-19 restrictions, we were
unable to run in-person laboratory classes. Consequently, we
had two problems to address: How do we teach and assess the
experimental part of our course?
A range of solutions have been proposed for moving in-person

laboratories online in response to the pandemic (reviewed
recently by Kelley1). Videos,2−4 live online streaming,5,6

simulations,7−9 and virtual10 or augmented11 reality have been
used as interactive lab replacements. Alternatively, students have
conducted experiments at home using bespoke or commercial
kits.12−15 To teach data processing skills, students have been
supplied with historical data sets,2,5,7,16 with data generated by
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Table 1. Course Topics and Assessments

Topic Lab/Data Session
Assessed (Portion of Final

grade)

Biological mass
spectrometry

2 h data session Coursework (15%)

Separation science 1 × 6 h lab +2 ×
1 h Q&A

Laboratory report (35%);
exam (optional, 15%)a

1 × 6 h lab +2 h
data session

Exam (20%)a

Immunological
methods,
fluorescence

1 × 3 h lab Exam (optional, 15%)a

HPLC Exam (optional, 15%)a

Cryo-EM Exam (optional, 15%)a

aThe exam has a compulsory data handling section (20% of final
grade) with students completing an additional two out of four
optional questions (30% of final grade).

Communicationpubs.acs.org/jchemeduc

© XXXX The Authors. Published by
American Chemical Society and Division

of Chemical Education, Inc. A
https://doi.org/10.1021/acs.jchemed.1c00853

J. Chem. Educ. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

81
.1

29
.1

56
.6

8 
on

 N
ov

em
be

r 
19

, 2
02

1 
at

 1
6:

43
:1

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+J.+Harmer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alison+M.+Hill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jchemed.1c00853&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00853?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00853?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00853?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00853?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00853?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00853?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00853?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00853?fig=abs1&ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jchemed.1c00853?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jchemeduc?ref=pdf
https://pubs.acs.org/jchemeduc?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


teaching assistants or instructors,4,17 or have generated data
themselves using simulations.9 Assessing students fairly and
robustly is challenging in an online environment. Students may
be tempted to collude or cheat,18−21 using third-party helper
sites (e.g., Chegg) or online class chat groups.22 Some
institutions have responded by using proctoring software (e.g.,
RespondusLockdown).22,23 Any assessment with a unique
answer is particularly open to misconduct.18 Our solution was
to prepare individual data sets from historical student data sets
(with associated worked answer files with data and image detail
for staff) for both the laboratory report and for the examination.

■ OVERVIEW OF OUR KEY COVID-19 CHALLENGES
The assessed practical (lab 1) (Supporting Information)
involves separation of a mixture of three proteins using size
exclusion chromatography and ion exchange chromatography,
and analysis of the proteins using SDS-PAGE and spectropho-
tometry of chromatograph eluates. Pre-COVID-19, eight
proteins were used (Table 2). These proteins had been chosen
for their physical properties (molecular weight, isoelectric point,

number of subunits, absorbance at 410 nm) and price.
Prepandemic, students would work in groups of three to four
to collect data in the laboratory sessions. Data from this
experiment were used to write a laboratory report (2,500 words,
35% of the module mark). Moving lab 1 online meant that we
were not constrained to the original list of proteins. Two
additional proteins that are not available commercially, GrpE (E.
coli) and cytochrome c (C. jejuni), were added to increase the
number of combinations of proteins available. This enabled us to
move from three different protein combinations to eight (Table
3).

The end-of-module exam includes a data handling section
(40% of the exam/20% of the module). Students are asked to
perform a selection of the calculations from lab 2 where students
look at enzyme kinetics of two different enzymes and carry out a
Bradford assay to ascertain protein concentrations. Historically,
students have found this part of the exam challenging. To
address poor performance, we introduced a bespoke Smart
Worksheet (developed with Learning Sciences24) in 2018/19.
This is an online tool that provides instant feedback which
means the students cannot get “stuck” on their calculations. This
allowed students to process their data and have their calculations
and graphs checked automatically. Pre-COVID-19, this Smart
Worksheet was used in a postlab session to carry out data
processing in a supported environment and to facilitate
additional feedback. In 2020/21, it was used completely online
with a prerecorded video showing how to use it, and this
remained available to students until shortly before the
examination.

■ MOVING EXPERIMENTS ONLINE
With the undergraduate laboratory unavailable, bespoke
videos25 were created showing us performing each stage of
labs 1 and 2. Students were provided with the original laboratory
schedules (Supporting Information), asked to watch the
relevant video, and asked to work through Learning Science
simulations26 of the techniques (e.g., running a protein
purification column). Padlet27 was used to collate student
questions ahead of two timetabled Q&A sessions relating to
each experiment. For the assessed practical, two briefing videos
were provided. These explained how students should compose
their report (as they had not previously been asked to write a
report in this detail) and how to process the data.
These adjustments allowed us to provide our students with

the required instruction. However, we faced two significant
problems with fairly and robustly assessing students. First,
students could not collect their own data to use in the laboratory
report. We reasoned that supplying students with appropriate
data sets would allow them to gain all the intended data

Figure 1. Schematic module overview. The module teaches five
important techniques in analytical biochemistry. Each box is sized
roughly in proportion to the time allotted for it in the module. Arrows
indicate the path from instruction to practical work, continuous
assessment, and examinations. The instruction, practical work, and
continuous assessment work were supported by synchronous sessions.
Activities that are not directly assessed (practical work) are in boxes
without borders.

Table 2. Proteins Used for Lab 1

Number Protein

1 Ferritin (horse spleen)
2 Catalase (bovine liver)
3 Bovine serum albumin (BSA)
4 Hemoglobin (bovine)
5 Myoglobin (horse heart)
6 α-lactalbumin (bovine milk)
7 Ribonuclease A (bovine pancreas)
8 Cytochrome c (horse heart)
9 GrpE (E. coli)a

10 Cytochrome c (C. jejuni)a

aProteins 9 and 10 were added for 2020/21.

Table 3. Mixture of Proteins Used for Lab 1

Number Protein Mixture

1 BSA, myoglobin, α-lactalbumina

2 Catalase, myoglobin, α-lactalbumina

3 BSA, cytochrome c (horse), α-lactalbumina

4 BSA, cytochrome c (horse), GrpE
5 BSA, myoglobin, cytochrome c (C. jejuni)
6 BSA, ribonuclease A, cytochrome c (C. jejuni)
7 Catalase, myoglobin, cytochrome c (C. jejuni)
8 Catalase, ribonuclease A, GrpE

aMixtures 1−3 were used pre-COVID-19.
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processing skills. We wanted to make sure that the students
submitted work that was their own and not the result of
collaboration. Second, the University of Exeter policies required
that the end-of-module examinations would be noninvigilated.
We feared that if a single set of data were used in the exam paper,
it would be very tempting for students to “collaborate” and share
their answers. In this paper, we outline our solution to these
issues which was to generate unique data sets for students with
corresponding answer files for staff.
Historical Data Sets

More than a decade’s worth of student data sets was available for
both experiments that could be drawn on.28 These consisted of
absorbance readings from chromatography column eluates and
polyacrylamide gel electrophoresis (PAGE) images (lab 1), and
Bradford data and absorbance readings from enzyme kinetics
experiments (lab 2). It was essential that students were provided
with interpretable (but not perfect) data, and we wanted data
sets to be unique to ensure academic honesty for both
summative assessments. For the formative Smart Worksheet
(lab 2), a single historical student-generated data set was used.
One instructor prepared a video using these data to explain how
the Smart Worksheet operated. Students were provided with
additional historical student data sets to process in their own
time to develop their skills.
Unique Data Sets for the Assessed Practical Lab 1

For each protein mixture, one large protein (>30 kDa) and two
smaller proteins (<30 kDa, one acidic and one basic) were
selected. A historic SDS-PAGE gel image for each combination
of proteins was required as we were unable to access the lab.
Eight combinations of three proteins met all the criteria,
compared to the usual three combinations used in previous years
(Table 3). With the data provided and a firm understanding of
the course material, students should be able to identify which
three proteins were in their initial mixture.
Historical data were used to develop a mathematical model of

the size exclusion and ion exchange column experiments. Data
sets were generated using R29 with approximately 160 lines of

code required (Supporting Information). This produced a data
set for the students (raw data plus SDS-PAGE image) and a
worked answer file for staff (with data plotted and the answers)
(Figure 2). All files were uploaded to the Virtual Learning
Environment (VLE) with files identified by student number; we
had no instances of students using an incorrect file.
ANOVA (Kruskal−Wallis test) was used to compare this

year’s cohort performance with those of the previous five years
(Figure 3, Table 4). This showed no significant difference for

four of the previous five years [2015/16, 2016/17, 2019/20 (p =
1); 2018/19 (p = 0.22)]. For 2017/18, there is a significant
difference observed (p = 0.030): this cohort showed few weak
reports, reflecting perhaps a strong year group who engaged fully
with the assignment.
Unique Data Sets for the Exam

Since the unique data sets had worked very effectively for lab 1,
we decided to produce unique data sets for the online exam. Pre-

Figure 2. Example student and staff data packs for the laboratory report (lab 1). (A) Student packs contained all the data from the size exclusion and
ion exchange columns plus an SDS-PAGE gel. (B) Staff files contained the plotted data and worked answers.

Figure 3. Box andwhisker plot of laboratory report (lab 1) performance
2015/16−2020/21. Boxes show 25th−75th percentiles and the
whiskers 10th−90th percentiles. Data from all years were compared
to the 2020/21 cohort using the Kruskal−Wallis test. Significance
levels: ns, p > 0.05; *, 0.01 < p < 0.05.
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COVID-19, students sat for a 1 h invigilated end-of-module
exam using a single data set for the data handling section. Due to
the pandemic, the 2020/21 examwas a noninvigilated 24 h exam
which would give students ample opportunities and time to
check their answers and/or work collaboratively on this section
of the exam. Consequently, we did not want to use a single data
set for the data handling section and decided to create individual
data sets for each student. Historical data sets from lab 2 were
used to provide limits of reasonable student-derived values for
the experimental observations. A model was developed to
generate randomized data within these reasonable limits using R
(Supporting Information). A set of 60 unique student data sets
with associated worked answer files for staff including answers
for each intermediary step in calculations were produced (Figure

4). Students downloaded their exam paper and their individual
data set to use in the exam. This ensured that each student was
required to work on a unique problem, reducing the incentive
for students to collude. By labeling the data files with unique
student numbers, it was again observed that all students used the
correct data set.
ANOVA (Kruskal−Wallis test) was used to compare this

year’s cohort exam performance with the previous five years
(Figure 5 and Table 5). There was no significant difference
between the 2020/21 cohort and those from 2018/19 and
2019/20. However, there was a statistically significant increase
in comparison to the 2015/16−2017/18 cohorts. This can be
explained by the implementation of the Smart Worksheet in
2018/19 which has significantly improved the students’ data
handling skills.

Generating Data Sets Using R

Writing a suitable R script took a 4−6 h effort for an academic
with limited R experience. Our annotated R scripts (Supporting
Information) clearly explain each step and could be recycled to
reduce this investment. We estimate that, for a similar
experiment, 1−2 h would be necessary to repurpose our scripts.
A first step was to use Excel to establish an appropriate model for
data generation (Supporting Information). Excel was used as
data can be readily linked to a figure allowing rapid feedback
between changes and their effects. The model was validated

Table 4. ANOVA (Kruskal−Wallis Test ) Results Comparing
Student Performance in Laboratory Report for 2015/16−
2020/21

Academic Year 2020/21 N Mean SD Median

2020/21 56 64.6 ±10.7 65
2019/20 p = 1 57 63.5 ±14.9 68
2018/19 p = 0.22 51 68.0 ±5.5 68
2017/18 p = 0.030 49 67.7 ±11.0 68
2016/17 p = 1 70 63.8 ±7.9 65
2015/16 p = 1 74 66.2 ±8.6 66.5

Figure 4. Unique data sets for the exam. (A) Unique data set used with exam paper. (B) Staff file with worked answers and example images. The
shading in the graph indicates the 95% confidence intervals. Note that the corrected absorbance in panel B has been corrected to subtract the
background reading at 0 μg/mL protein (tube 1 in the top table in panel A).
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between the authors to ensure that the data generated were
appropriate and no obvious errors made. Scripts were written in
RStudio v1.1.456,29 implemented through Anaconda 1.9.12.30

Three nonstandard libraries were used: ggplot231 v3.3.4 (an easy
to learn graphics package with excellent support), magrittr32

v1.5 (a forward pipe function that makes the officer package
easier to use), and officer33 v0.3.18 (a package for manipulating
MS Office documents through R; this was essential for
producing the student and marker documents in an automated
manner). The most important design principle is to save data
that will be provided to students or markers as data frames where
possible. Officer33 can take a selection of data from a frame and
present this as a table in a Word document. This allows for
attractive presentation of the data to students with minimal
code. In some cases, data frames were then manipulated to
produce ggplot2 images. A second principle is to generate new
files using officer where possible. This provides access to a wider
range of style options with good documentation. An important
advantage of using officer is that it produces files with students’
numbers allocated automatically. These are ready to distribute
to staff and students without further intervention.

■ DISCUSSION
The move to online delivery of both the experiments and
assessments for this course presented challenges to provide an
excellent education for our students and robust, authentic
assessments.34 The biggest concerns that we had were ensuring
that each student’s work was their own and that they were
supported effectively. The laboratory videos we created meant
that the students could see the techniques in detail and
understand the workflow. Learning Science simulations26

helped to consolidate the theoretical concepts. We have
subsequently been able to get the students into the laboratory
to perform sections of the assessed experiment, and the
experiment videos were displayed on large screens to
significantly improve our demonstration of the session work.
Delicate handling steps were recorded in close-up, allowing all
students to observe a detailed demonstration of key steps by an
experienced experimentalist. Previously, all the students had
gathered around a single demonstration rig; inevitably, some
students had a poorer view, and students with impaired vision
could rarely see the detail.
Others have used historical data sets to ensure academic

honesty.2,5,7 While we had extensive historical data available,28 it
was of varying quality. We wanted to ensure every student had
good quality, interpretable, and nonambiguous data. The
individual data sets created for the laboratory report (lab 1)
enabled the students to gain experience in data processing and
report writing even if they were unable to collect their own data.
The opportunity to include two additional proteins in the
simulated data packs permitted us to test understanding that had
been challenging to achieve with reagents that are commercially
available and sufficiently inexpensive to use in a moderate (n =
60) sized class. To support the students with their report, we
held two live Q&A sessions, using Padlet27 to collate questions.
This year, we observed some of the highest scoring laboratory
reports we had ever seen, but conversely some of the worst. We
believe this stems from student engagement where approx-
imately 20% of the class were highly engaged (these students
participated readily in live sessions; VLE usage data showed that
they engaged strongly with laboratory and instructional videos
and the Smart Worksheet at the appropriate times) throughout
the module whereas around 30% of the cohort did not engage
until the last possible moment. Similarly, we observed this with
student engagement with the materials for lab 2 assessed in the
end-of-module exam: despite it being worth 40% of the exam
(20% of the module), engagement (measured by VLE activity)
was poor until the week before the exam. Consequently, many
students did not gain maximum benefit from the support
sessions. The observed average of 69% for this section of the
exam demonstrated that the arrangements we made, especially
the Smart Worksheet, were effective.
For the end-of-module exam, we had to consider that it would

be open book and noninvigilated. Pre-COVID-19 we had a 1 h
closed-book, invigilated end-of-module exam.We decided in the
new online environment it was important that our examination
was robust and that students worked independently. Student
feedback was that they preferred a 24 h online exam, but we were
concerned that the data handling section would be vulnerable to
collusion17−22 unless each student answered a unique question.
This was the first time that an individual exam paper had been
given to every student at our institution and required academic
and administrative agreement on logistics. A standard exam
paper was prepared with instructions to refer to the assigned
data set. Students downloaded this from a folder released with
the exam (Figure 4). All students successfully located their data
on an examinations-only VLE site, and exam performance in this
section of the paper was in line with the preceding two years,
confirming that this approach gave a robust test of student
performance.
The generation of the R code did take longer than setting

conventional exams. The staff-worked answer files produced
from the data sets were straightforward to use; generation of the
worked answer files which included images as well as data was

Figure 5. Box and whisker plot of the data handling exam performance
2016−2021. Boxes show 25th−75th percentiles and the whiskers
10th−90th percentiles. Data from all years were compared to the 2020/
21 cohort using the Kruskal−Wallis test. Significance levels: ns, p >
0.05; *, 0.01 < p < 0.05; ****, p < 0.0001.

Table 5. ANOVA (Kruskal−Wallis Test) Results Comparing
Student Performance in the Data Handling Section of the
Exam for 2015/16-2020/21

Academic Year 2020/21 N Mean SD Median

2020/21 56 69.1 ±15.1 73.1
2019/20 p = 1 57 66.2 ±19.5 70
2018/19 p = 1 51 72.0 ±19.4 78.8
2017/18 p = 0.042 49 59.5 ±18.6 62.5
2016/17 p < 0.0001 70 46.8 ±18.6 45
2015/16 p < 0.0001 74 53.1 ±22.4 56.3
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key to the successful deployment of this approach. Marking
times for the laboratory reports were reduced by approximately
5 min per script (total 25 min) due to the plotted data in the
worked answer files. In contrast, marking of the exam papers
took longer (additional 5 min per script, total 10 min) and
worked best using two screens/devices. If we deploy this method
again, we will look at automating the marking for this section of
the exam by getting the students to submit their answers via
Microsoft Forms to provide an Excel compatible output that can
be automatically marked. The R code lends itself most readily to
numerical data. However, images can be incorporated into the
documents produced. Our approach could therefore be used in
disciplines that require specific symbols (e.g., advanced
mathematics, organic chemistry) but would require careful
exam design. This is something we will be exploring in the
coming year for medicinal chemistry examinations.
Feedback from students showed that they really liked the

laboratory videos and Learning Science simulations (both
scoring 4.33/5 (Likert scale) in the end-of-module evaluation).
However, they did not like the fact that they were unable to
“check their answers with a friend” in either assessment. Overall,
we were very pleased with the outcomes, and the mean mark for
the module was in line with previous years despite the open-
book, 24 h exam.

■ CONCLUSION
The generation of the R code enabled unique data sets for the
students and worked answer file packs for staff to be generated
for both coursework and exam. We would prefer students to
collect and process their own data but continued social
distancing rules may mean that this method is used in the
future for the laboratory report. The opportunity to include
additional reagents in simulated data that was not feasible to use
in sufficient quantities in a laboratory class was very helpful. The
laboratory videos substantially improved our ability to instruct
students for laboratory sessions and will be reused for prelab
preparation. If exams remain online, we will use unique data sets
again as this approach has proven to be robust by limiting
possibilities for collusion while maintaining academic standards.
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