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INTRODUCTION

Due to COVID-19, courses at our university were 
held online in Fall 2020, which included our lab-
based first-year chemical engineering experience. 

The context of the term led to many difficulties in the admin-
istration of this hands-on experience, where students were 
no longer co-located – distributed across four continents and 
ten time zones – and unable to access equipment or materi-
als we typically kept in a lab space on campus. Instead, we 
had to design experiments that our students could run safely 
at home, with materials that they may already have on hand 
or would be able to source locally. Altogether, this led to a 
significant amount of variability based on student locale and 
context as well as the challenge of running an experience that 
was both remote and hands-on, seemingly a contradiction. 

We adapted to the online conditions by embracing the 
contradiction of a remote, hands-on lab that accepted the 
variability inherent in students conducting experiments at 
home. The desired learning outcomes for the lab were (1) 
model a chemical process using material balance, thermody-
namic, and kinetics concepts, and (2) describe how chemical 
engineers design and troubleshoot experiments.  Drawing 
on a hobby that had become more popular during COVID 
lockdowns, we developed a remote-lab experience where 
first-year students grew and analyzed the activity of sour-
dough. This hands-on activity was selected for a six-week 
at-home lab due to its low cost and non-hazardous materi-
als. Students were encouraged to use whatever starch, flour, 
or sugar sources they had on-hand, access widely available 
equipment found in homes (e.g., plastic bottles, balloons, 
rulers, and kitchen measuring devices), and carry out the 
procedures safely in a non-laboratory setting (e.g., a residen-
tial kitchen or bathroom). Personal expenditures by students 
were expected to be no more than $5 in order to participate 
fully, most commonly spent on balloons and baker’s yeast. 
Since Fall 2022, most materials necessary for participat-
ing in these experiments are distributed by the department                     
(i.e., flour, balloons, containers, and baker’s yeast, totaling 
~$70 for the materials shipped from Amazon for 12 students, 

with excess materials stored by the department for future 
use). The only materials students need to provide currently 
are water and plastic or glass bottles.

In this paper we describe the design of this six-week 
hands-on module for first-year engineering students that 
was developed during the COVID lockdowns. We share our 
protocols and lessons learned from the development of this 
course, along with data to support student learning and posi-
tive student experiences. We will also discuss why we have 
continued to run this sourdough experiment as we have tran-
sitioned back to in-person teaching, and the new challenges 
that have arisen.
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Pedagogical Background and Class Context
Since the early 2000s, chemistry educators have begun to 

explore inquiry-based, open-ended laboratory experiments 
in place of standard “cookbook” experiments as a method to 
promote undergraduate engagement and curiosity.[1, 2] Over 
the course of the past decade, chemical engineering educa-
tors have more widely begun to implement the inquiry-based 
learning pedagogy as a way to provide hands-on chemical 
engineering experiences to undergraduate students.[3-5] This 
has resulted in greater understanding of core chemical engi-
neering problems in thermodynamics, transport, and kinet-
ics.[5, 6] During the COVID-19 pandemic, many institutions 
were forced to develop asynchronous and hybrid learning 
curricula to substitute for in-person experiences.[6, 7] For ex-
ample, educators at Rice University were able to incorporate 
the study of enzyme kinetics in an asynchronous format.[6] 
However, these methods required distribution of specific 
enzymes and equipment, whereas we provide a simple and 
cost-effective alternative to allow undergraduate students to 
conduct enzyme kinetic studies at home.

Laboratories that involve fermentation are also not new 
in helping students learn chemical concepts. For example, 
beer brewing has previously been used as teaching tool                 
for general chemistry,[8] biochemistry,[9, 10] and as an analyti-
cal lens for the entirety of the chemical engineering curricu-
lum.[11] Similarly, baker’s yeast experiments have also been 
conducted for educational purposes on biosynthesis [12, 13] 
and fermentation kinetics.[14-16] Connecting tangible, hands-
on experiences with chemical engineering concepts through 
such pilot-scale experiments facilitates understanding and 
prepares students for real-world engineering work.[17] 

Although experimental procedures using commercially 
available baker’s yeast for education purposes have been 
well documented, procedures to measure strain kinet-
ics using student-specific home sourdough cultures have 
not yet been published. Existing baker’s yeast experi-
ments use water displacement as a means to measure CO2                               
production.[14, 15] The published experimental setups require 
tubing and glassware, which would have been prohibitively 
expensive to ship to students, especially given that a quarter 
of our students were residing internationally during the first 
instance of this experimental module. Additionally, as far as 
the authors are aware, utilizing these protocols as a basis 
for a course-based undergraduate research experience, or for 
inquiry-based experimental design, has not been reported.

This laboratory experience sits within a first-year one-
semester course for students, The Art of Engineering, that 
students are required to take in the fall or spring. Students 
in this course are introduced to all engineering majors, dis-
cuss future career pathways, and engage in a rapid proto-
typing and design project. Every student must participate 
in a departmental project, taught to expose students to the 
ways of thinking and doing in the engineering discipline.              

However, since students are encouraged to participate in 
a departmental module other than their anticipated major, 
these projects are often the only contact point for students 
with the discipline and cannot be relied upon as background 
for future courses in the chemical engineering curriculum.

Selection of Sourdough as a Pedagogical Tool
During the COVID-19 pandemic, there was a major 

growth in interest in sourdough culturing at home, driven 
by shortages of baker’s yeast (Saccharomyces cerevisiae, 
also sold as brewer’s yeast) in supermarkets during the 
spring of 2020.[18, 19] Commercial yeasts catalyze the reac-
tion to convert the starch in flour to amylose via amylase,[20] 
then to maltose and glucose sugars 
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.[21] One yeast metabolic process, alcoholic fer-
mentation, converts sugars to ethanol and carbon dioxide 
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,[22] that allows the 
bread to rise and form its crumb (the air pockets in bread).

Sourdough, unlike baker’s yeast, is a mixed culture pri-
marily composed of lactic acid bacteria (genus Lactoba-
cillus)[23] and wild acid-tolerant yeasts (most commonly         
Kazachstania humilis and Saccharomyces sp.)[24, 25] that can 
be used to leaven breads and other baked goods.[26] Dozens 
of species of lactic acid bacteria have been isolated from 
sourdough cultures; most famously, Lactobacillus sanfran-
ciscensis is thought to give San Francisco sourdough bread 
its distinctive taste.[23, 27-29] Lactic acid fermentation can fol-
low a homolactic fermentation (producing two molecules 
of lactic acid,
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) or heterolactic fermen-
tation (producing lactic acid, carbon dioxide, and ethanol, 
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).[30] Sourdough start-
ers have been used to teach experimental approaches such as 
high-throughput microbiome sequencing techniques.[31]

CO2 production of a sourdough starter follows much 
slower kinetics – in part because of the heterogeneous prod-
ucts and pathways [32] – resulting in rise times that are much 
longer for sourdough loaves than for breads leavened with 
commercial baker’s yeast,[33] which have been engineered 
to minimize rise time.[34] The longer rise time allows for 
greater flavor development, resulting in sourdough bread’s 
more complex profile.[35] The kinetic features of sourdough 
starter made it an interesting system for students to explore, 
where students are able to contrast the behavior of highly en-
gineered commercially available yeasts with wild yeasts. By 
doing so, home-cultured sourdough colonies would provide 
students insight into microbial growth conditions in batch 
bioreactors, while maintaining an authentic undergraduate 
laboratory experience at home with a safe, low-resource in-
troduction to engineering principles. Additionally, leverag-
ing the already present interest in growing sourdough start-
ers in Fall 2020 presented an opportunity for our project to 
be more relevant and meaningful to students compared to 
previous projects we had offered to students in the past.
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LEARNING ACTIVITY DESIGN

Students engaged in guided inquiry [36] throughout the six 
weeks, where students were given background and proto-
cols for quantifying sourdough starter performance. Follow-
ing these protocols allowed students to grow the symbiotic 
bacteria-yeast cultures that were highly dependent on their 
materials and environment and led to a situation in which 
neither the instructors nor the students could predict the ac-
tivities of the resulting sourdough starters. Embracing an 
inquiry-based model was chosen to help make the variability 
students encounter feel more authentic, which has been as-
sociated with student learning gains in STEM,[37] even when 
done online.[38] To support students’ inquiry, synchronous 
meetings (held for two hours via Zoom) focused primarily 
on introducing students to new protocols they could use to 
further investigate their starters (45 minute demonstration), 
introducing how to model and measure metabolic reactions 
and the kinetics of cell growth (45 minute lecture), and en-
gaging with data and experimental troubleshooting through 
a chemical engineering lens (30 minute discussion). Decou-
pling the laboratory time from class meetings also allowed 
students to try as many conditions as they wished and to 
make as many attempts as they wanted. Students were ex-
pected to run their experiments remotely (5-30 min/day out-
side of class) and access asynchronous support as needed 
(via discussion boards and recorded protocol demonstra-
tions). A visual representation of this breakdown of in-class 
and out-of-class activities can be seen in Figure 1.

Each of the first five weeks introduced a new protocol to 
students matched with a chemical engineering concept, as 
shown in Table 1. Each week built on the concepts and ex-
periments of weeks prior. In Week 6, as a capstone to ex-
periments, students pitched the use of their team’s selected 
sourdough starter for use by a commercial baked goods 
company. As a note, we have typically scheduled these six 
weeks of class time to run across fall or spring breaks (typi-
cally between weeks 4 and 5) to give students additional 
time for culturing. 

Figure 1. Breakdown of how synchronous and 
asynchronous class time was spent during this unit.

TABLE 1
Overview of Weekly Schedule of the Sourdough Lab

Week # Experiment Introduced Chemical Engineering Content
1 Sourdough Culturing Overview of Bioengineering and Metabolic Engineering

2 Determination of CO2 Conversion from Carbohydrates Introduction to Material Balances

3 Measuring CO2 Evolution Kinetics Introduction to Reactor Design and Reaction Kinetics

4 Optimization of Reaction Rate Based on Substrate 
(Sugar) Concentration Experimental Design and Optimization

5 Modeling Carbohydrate Oxidation and Cell Growth 
Kinetics Modeling Reaction Kinetics, Monod Growth Kinetics

6 Final Pitch Presentations

We decided to use exclusively household items in our ex-
periment and to provide funds to students to purchase essen-
tial items for the experiments if they did not have access to 
them at home. Materials were expected to cost no more than 
$5 per student. All but two students had access to all mate-
rials in Fall 2020; two students requested balloons, which 
were purchased and shipped to students using Amazon. Stu-
dents universally had access to conventional US volumetric 
measurements (cups, tablespoons, and teaspoons), so mea-
surements are given using those units instead of in metric.

As standard laboratory equipment was unavailable to 
students outside of our classroom, we advised on a few 
workarounds that would make the experiments manageable 
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at home. Namely, we provided a way for students to esti-
mate carbon dioxide production using a balloon and mea-
suring tape. Students could obtain water between 30-40 °C 
without a thermometer by mixing 35 vol% ice water with 
boiling water, as Baker’s yeast optimally grows at 35 °C,                       
and its kinetics are highly dependent on temperature – below 
30 °C and above 40 °C, yeast growth rates sharply fall off.[39] 
(As an aside, these simple measurements provide an oppor-
tunity to discuss with students the effects of measurement 
approaches on precision and accuracy, some suggestions for 
which are included in the Appendix.) Laboratory bioreactors 
were replaced with plastic bottles capped with balloons, a 
schematic of which is shown in Figure 2. All guidance given 
to students to enable safe, home manipulations for these ex-
periments can be found in the protocols distributed to stu-
dents (with metric units provided for ease of use by other 
instructors), which can be obtained by contacting the cor-
responding author at chen.christopher@columbia.edu.

variables into a second culture (e.g., introducing different 
substrates, inoculating with yeasts found on fruits, adding 
inhibitors like salt, placing in different temperature environ-
ments). As students needed an initial inoculum for further 
weeks of the remote lab, getting students started as early as 
possible was very important so that remote troubleshooting 
could be conducted, if needed. 

The second week of experiments involved comparing car-
bon dioxide production of two samples of flour-grown sour-
dough cultures, where one was fed a bolus of sucrose (table 
sugar) and the other was not. Because the sourdough bacte-
ria and yeasts cannot be separated from the flour-based cul-
ture media, preparing a control without sucrose can account 
for growth on the flour media. This experiment demonstrat-
ed principles of mass conservation in a closed system using 
balloons to measure the moles of carbon dioxide produced 
(Figure 3). Students were asked to analyze why carbon di-
oxide yields were much lower in biological metabolism than 
in a sucrose combustion reaction.

During the third week, we introduced the stages of cell 
growth and how yeast cells utilize substrate over time.[41] 
Carbon dioxide production was used as a proxy for the num-
ber of cells present in the culture. Students prepared two cul-
ture samples with identical sucrose media, one inoculated 
with sourdough starter and one inoculated with commercial 
yeast (Figure 4). Students were asked to compare growth 
rates of commercial yeast and sourdough culture and draw 
conclusions about sourdough bread’s commercial viability.

The fourth week of class involved design of experiments 
where students were asked to vary initial sucrose concen-
tration to determine the optimal starting conditions for 
maximum growth rate of their cultures and a commercial 
yeast culture. Using the same setup, students were tasked 
to conduct these experiments with at least three different 
initial substrate concentrations (of their choice) with both 
the sourdough and commercial yeast cultures against con-
trols that contained no added sugar. Carbon dioxide produc-
tion measurements were taken over time and plotted to find 
growth rates using a Microsoft Excel® template provided to 
students. Figure 5 shows an example of the Excel template 
used to determine the growth rate of a sourdough culture 
experiment. 

The fifth week of class was spent going over Excel analy-
sis techniques and pitch presentation guidelines. Monod 
growth kinetics [42] were assumed, following the equation
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Figure 2. Schematic of at home experimental setup to 
measure carbon dioxide output of sourdough cultures.

Laboratory Protocols
In the first week of class, we introduced students to chemi-

cal engineering and broader applications of metabolic engi-
neering. Initial culturing procedures were provided to stu-
dents, who were encouraged to make one standard wheat 
flour sourdough culture, based on the Wild Sourdough pro-
tocol from the Sourdough for Science Project.[40] This cul-
ture was made by combining equal parts wheat flour and 
water in a container and leaving it covered with a cloth for 
a week. Students were given the choice to introduce other 

(1)
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Figure 3. Photographs of experiments comparing the carbon dioxide outputs of unfed sourdough and sourdough fed with 
sugar. Right bottle: sourdough fed with 1 teaspoon of sugar. Left bottle: not fed. Timepoints taken at 0, 6, and 22 hours (from 
left to right in the figure). Students used measurements from these experiments to determine that their sourdough culture had 

a 1.68% yield on sucrose fed using material balances.

Figure 4. Sample student plots of CO2 production versus time for (a) commercial Baker’s yeast (Fleishmann’s yeast) and          
(b) sourdough culture at various sugar concentrations. Lag phase for the sourdough culture is seen to be much longer than 
those for commercial Baker’s yeast. Decreased carbon dioxide production of the 1 tablespoon (TBS) sample is likely due to 

substrate inhibition of this particular sourdough starter. 1 tablespoon in sugar is approximately 15 g.
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 and KS using a least-squares 
parameter fitting (Figure 6), students could input their data 
and make the necessary calculations. A sample from a single 
student can be seen in Table 2. Students were then asked to 
compare their commercial yeast kinetic parameters to pub-
lished data.[43] The students experimentally determined that 
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 and KS were all in the same order of magnitude – and 
many within 10% – of reported values. Students also ob-
served substrate inhibition on yeast and sourdough growth 
kinetics (see Figure 4b, where the sourdough starter has     

decreased CO2 production at 1 tablespoon sugar added), as 
is expected for these systems. Double reciprocal plots had 
previously been used by students to determine Monod con-
stants, an option that can employed if students are less famil-
iar with Excel, or if training students to use Solver in Excel 
for these experiments is not desired. 

All instructions and the Excel templates distributed to 
students can be obtained by contacting the corresponding 
author at chen.christopher@columbia.edu. A list of these 
materials can be found in the Appendix.

(a) (b)
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Figure 5. Example of Excel template that assists students in determining growth rates (µ =
𝑑𝑑[𝑃𝑃]
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) for their cultures.

RESULTS AND DISCUSSION

A total of 19 students participated in the chemical engi-
neering design project of The Art of Engineering course 
in the Fall 2020 semester, split into nine groups of two or 
three based on time zone. Students were encouraged to do 
the experiments during the weekly synchronous class meet-
ings over Zoom® and receive immediate instructor feedback. 
Pairs and trios served as a means of support for conduct-
ing the experiments outside of synchronous class meetings. 
Each pair and trio jointly gave their final presentation – a 
PowerPoint® deck delivered live during a sixth synchronous 
Zoom meeting – and responded to comments and questions 
from instructors and the class. Two groups (totaling four stu-
dents) participated fully asynchronously and submitted their 
final project by submitting a recorded video.

During the Fall 2021 and Spring 2022 semesters, the mod-
ule was taught online synchronously and gradually incor-
porated more in-person learning. In Fall 2021 groups were 
randomly assigned and encouraged to collaborate to share 
data with their group members. Group members were pre-
sented with the opportunity to collaborate with each other 

in person, outside of class time, which was not mandatory 
for module completion. In the following iteration of the         
module, students were encouraged to form their own groups 
to compare results and present in-person. The option to form 
groups for in-person presentations resulted in an increase of 
students who chose to work together compared to the prior 
semester. The Fall 2022 course was completely in-person. 
Students selected their own partners and were encouraged 
to share samples and results outside of their groups. For the 
final presentation the students in the last iteration elected to 
collaborate in much larger groups when compared to the first 
two iterations. Since the first offering in Fall 2020, we have 
had more than 60 students successfully complete the sour-
dough starter experiments (with 19 students in Fall 2020, 14 
students in Fall 2021, 11 students in Spring 2022, 9 students 
in Fall 2022, and 12 students in Spring 2023). Given the 
variability in the equipment the students used, all student 
teams were able to produce reasonable data from their re-
mote experiments as demonstrated by their ability to experi-
mentally determine Monod growth parameters for baker’s 
yeast (with many groups within 10% of reported values, and 
all teams within the same order of magnitude). 



Vol. 57, No. 4, Fall 2023 195

Comprehension of basic principles of material balances 
and growth kinetics were assessed via check-in quizzes on 
Canvas®, which all students passed (see sample questions in 
Appendix). In the first iteration of the module (Fall 2020), 
12 of 19 students responded to a final survey of mostly 
Likert scale questions, where 92% of respondents reported 
having learned a considerable amount and ranked the lab 
as excellent overall. 58% of students indicated the hands-on 

Figure 6. Example solver tutorial/Excel template for Monod equation graph-fitting where µ =
𝑑𝑑[𝑃𝑃]
𝑑𝑑𝑑𝑑 =

µ!"#[𝑆𝑆]
𝐾𝐾$ + [𝑆𝑆]
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 and Ks are analytically 
determined parameters. Substrate inhibition is observed within most student-collected data.

activities had an appropriate workload, which we view as 
exceptional given that all experiments were run outside of 
class meetings and that students were unlikely to have been 
asked to participate in a remote lab before. In the free re-
sponse portion of the survey, half of the students mentioned 
that they appreciated the open-ended nature of the experi-
ments, and a quarter indicated that they would recommend 
additional lecture content or support in future iterations of 
the lab. (Survey questions are available by contacting the 
corresponding author at chen.christopher@columbia.edu.)

In the first all in-person run of these experiments in Fall 
2022, six of nine students responded to the final survey, 
where all six respondents reported having learned a consid-
erable amount and five of six ranked the lab as excellent 
overall (the remaining student ranked the lab as neutrally 
good). One challenge that arose from running these experi-
ments as part of an in-person, residential course was that half 
of students reported having difficulties keeping their sour-
dough starters in their dorms due to complaints from people 

TABLE 2
Sample Student-Measured Monod Growth Parameters

Baker’s Yeast 
(Literature[43])

Baker’s Yeast 
(Measured)

Sourdough 
Starter

KS (g/L) 0.452 0.30 0.07
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 (hr–1) 0.304 0.28 1.0

*Baker’s yeast Ks was determined from Excel template and converted to 
g/L to compare against literature values.
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with whom they lived. These complaints were mostly from 
smells in the first few days of these cultures. As these cul-
tures simply grow from bacteria in the environment, how-
ever, odors were found to be less tolerable when grown in 
spaces that likely contained foul-smelling microorganisms. 
For example, the starter of one student team who grew their 
standard sourdough starter in a cabinet above a stove in their 
dorm kitchenette was found to be particularly smelly – so 
much so that the resident assistant on the floor asked the 
team to dispose of their cultures immediately. However, 
because these problems arose, students who ran the experi-
ments during this semester were more likely to share start-
ers, which added to the collaborative nature of the project. 
Student feedback was therefore predominantly focused on 
recommendations that would help better support students in 
finding space within the department where they could keep 
their samples as they grew, which helped reduce these dif-
ficulties reported by students in the Spring 2023 run of these 
experiments.

Another change we suggest implementing is growing 
sourdough cultures when indoor conditions are relatively 
stable, which may vary based on student or school location. 
Many students who took the course in Fall 2022 ran into 
issues with their cultures adapting poorly to fluctuations in 
heat and humidity in student housing (with many cultures 
dying when the heat was suddenly turned on). Having stu-
dents refrigerate their sourdough culture between experi-
ments after it reliably ferments would help to prevent the 
starters from adjusting poorly to new humidity and tempera-
ture, reduce the complaints received from dormmates, and 
allow the students to focus on the experiments rather than 
ensuring that their starter is continually growing.

Addressing Diversity, Equity, and Inclusion
Following our approach to inclusive teaching – with the 

goals of making learning activities meaningful, relevant, 
and accessible to all – allowing our students to engage with 
us in authentic inquiry has enabled our students to bring 
more of themselves into the lab. For instance, we encour-
aged students to think of locally available fermented food 
that could act as sources of microorganisms for subsequent 
experiments. One student from South Korea used kimchi as 
their source food (likely culturing Leuconostoc mesenteroi-
des and Lactobacillus kimchi).[44] Other students used yo-
gurt with live and active cultures (Lactobacillus acidophilus 
and Streptococcus thermophilus)[45] and sediment from wine 
bottles (likely primarily Saccharomyces cerevisiae wine 
yeast, Kloeckera and Candida sp.).[46] Since experiments 
only measured carbon dioxide as a by-product of metabolic 
processes, we encouraged students with alternate cultures to 
analyze differences in product formation between their mi-
crobes and class sourdough data.

Additionally, students are encouraged to consider audi-
ences and problems that may appeal to themselves as people 
as they prepare their pitch applications for a selected sour-
dough starter. This has led to students targeting all sorts of 
populations that could benefit from scaleup of their sour-
dough starters (e.g., starters that could be used to create 
baked goods that were more preferable to certain individu-
als, such as aligned with religious or cultural events, etc.).

Allowing students to participate in the majority of labora-
tory activities at home also improves the lab’s accessibil-
ity. Student schedules are complicated, so allowing student 
teams to share and self-schedule lab work done in their resi-
dences facilitates students to engage at convenient times. 
The previous potential hardships of taking up space in a 
kitchen or bathroom when at home or outlaying additional 
funds to purchase materials for these experiments have also 
been removed with the return to in-person instruction as the 
department now distributes all materials to students that are 
necessary for completion and offers a location for the stor-
age of starters, if needed. Students still are able to supply 
their own materials or equipment (e.g., UV lighting for cur-
ing nail polish used as a light source under which sourdough 
culture was grown, other sources of bacteria or yeast, or al-
ternative liquids for growing sourdough such as milk, juice, 
and other beverages.) Students can also suggest materials 
to be considered for purchase for their experiments by the 
department. This has resulted in experiments where students 
have varied conditions such as concentrations of salt (by 
adding sweat), pH (by adding fruit juice), type of sweetener 
(adding sucralose instead of sucrose), and temperature (by 
varying storage conditions).

We recognize the potential challenges for students who 
have jobs or other obligations at home of having to partici-
pate in these labs predominantly outside of class time. These 
challenges are addressed by having students participate as 
teams and encouraging coordination that helps to alleviate 
daily duties related to these experiments by any one student.

CONCLUSION

We presented the design of a six-week hands-on module 
for first-year engineering students that was developed during 
the COVID lockdowns and has continued as we transitioned 
back to in-person instruction. This experiment uses sour-
dough starter as a platform that facilitates authentic inquiry 
as students learn about chemical engineering approaches to 
experimental design and problem solving. By focusing on 
sourdough starter, the hands-on module was able to be run 
safely and remotely at home with students able to use ma-
terials and equipment they already had on hand (typically 
found in a residential kitchen), with additional expenditures 
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expected to be no more than $5 to participate fully. All ma-
terials are now directly distributed by the department at no 
additional cost to students.

Over 60 students have successfully completed this ex-
perimental module since Fall 2020 both remotely and in-
person. Following the protocols and using common tools 
found at home, students have been able to characterize the 
growth kinetics of their starters and compare them to com-
mercial yeast kinetics that they also measure at home. Many                                                                                                         
students are able to get within 10% of reported Monod 
growth parameters for baker’s yeast, and all groups have 
measured the same order of magnitude, demonstrating the 
robustness of the experimental protocols despite the low 
precision of home measuring devices.

Based on positive responses to the sourdough module –
both remotely and in-person – we plan to continue with this 
line of experiments. In the future, we would like to create 
more robust assays for measuring cell growth that leverage 
common laboratory materials that could be safely distrib-
uted for home use or departmental laboratory space. For 
example, lactic acid bacteria growth can be estimated via 
pH, so distributing samples of pH paper could be a way 
of measuring growth kinetics of species other than carbon 
dioxide-producing yeasts. We also hope to further encour-
age our students to explore using the sourdough starter as an 
authentic inquiry platform within this first-year module, in 
subsequent chemical engineering core courses such as Mate-
rial & Energy Balances or Reaction Kinetics, or in electives 
in biochemical engineering or bioreactor design. This would 
help to engage our students in more advanced experimental 
and engineering design while maintaining the experiment’s 
meaningfulness, relevance, and accessibility.
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List of Supplementary Materials Available by Contacting chen.christopher@columbia.edu:
•	 Protocols and Excel templates distributed to students
•	 Surveys used to collect data

Annotated Sample Material Balance Calculation Question:
You run a bread factory and you need 50 grams of yeast biomass. What is the total mass of sugar you need for stoichiometric 
production? Use the equation below and round your answer to two decimal places, given in grams.

Correct answer: 130.18 (g).		  Correct responses: 11/15
Common errors on this question were either from a miscalculation of molecular mass (of yeast or sugar) or from incorrect stoi-
chiometry used (i.e., forgetting to use stoichiometric coefficient). This question stems directly from discussions of these type 
of calculations for the sourdough starter reaction yield experiments done in the first two weeks.

Annotated Sample Closed System Concept Question:
What’s the difference between an open system (your microbe farm) and a closed system (your balloon bottle)?

a)	 No mass can enter or exit a closed system
b)	 Acid will be generated in an open system
c)	 Yeast grow faster in an open system
d)	 The temperature of the closed system will be higher

Correct answer: A			   Correct responses: 14/15
This question reflects the discussion of why we run our sourdough starter carbon dioxide production experiments the way that 
we do, and connects to why we do batch (instead of continuous) material balance calculations for this exercise.

Suggestions for Measuring Carbon Dioxide Generated in a Non-spherical Balloon:
•	 Students have conducted these experiments by partially inflating the balloons to make them more spherical. Though 

the change in circumference may be smaller (as the change in circumference at larger volumes is smaller with the 
same change in volume), accuracy is likely improved because the spherical assumption is better. This can lead to dis-
cussion with students as to when gauges are most accurate (accuracy at the extremes versus the middle of the gauge) 
and other experimental considerations of engineers.

•	 As suggested by a reviewer, students can create a calibration curve between circumference (or some other measure of 
balloon size) versus volume as using displaced water. Creating a calibration curve would open other types of experi-
mental discussions, such as when and how to trust measurements given by any device, and how chemical engineers 
in practice validate the accuracy and/or precision of their instruments.
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