
Subscriber access provided by UNIV OF WESTERN ONTARIO

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Letter

“Scentsor”: A Whole-Cell Yeast Biosensor with an Olfactory Reporter
for Low-Cost and Equipment-Free Detection of Pharmaceuticals

Rachel A. Miller, Seryeong Lee, Ethan J. Fridmanski, Elsa
Barron, Julia T. Pence, Marya Lieberman, and Holly V. Goodson

ACS Sens., Just Accepted Manuscript • DOI: 10.1021/acssensors.0c01344 • Publication Date (Web): 23 Sep 2020

Downloaded from pubs.acs.org on October 10, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



“Scentsor”: A Whole-Cell Yeast Biosensor with an Olfactory Reporter 
for Low-Cost and Equipment-Free Detection of Pharmaceuticals1  

Rachel A. Miller, *† Seryeong Lee, † Ethan J. Fridmanski,‡ Elsa Barron, † Julia Pence, †✧ Marya Lieber-
man,*† Holly V. Goodson.*†  

†Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 46556, United States  

‡Department of Sociology, University of Notre Dame, Notre Dame, Indiana 46556, United States  

 

KEYWORDS: Whole-cell biosensor, yeast, olfactory, pharmaceutical analysis, equipment-free, low- and middle-income 
countries, estradiol. 

 1 A prior version is available as a BioRXiv preprint: https://www.biorxiv.org/content/10.1101/2020.07.02.184457v1

ABSTRACT:  Portable and inexpensive analytical tools are required to monitor pharmaceutical quality in technology limited 
settings including low- and middle-income countries (LMICs). Whole cell yeast biosensors have the potential to help meet 
this need. However, most of the read-outs for yeast biosensors require expensive equipment or reagents. To overcome this 
challenge, we have designed a yeast biosensor that produces a unique scent as a readout. This inducible scent biosensor, or 
“scentsor,” does not require the user to administer additional reagents for reporter development and utilizes only the user’s 
nose to be “read.” In this manuscript, we describe a scentsor that is responsive to the hormone estradiol (E2). The best esti-
mate threshold (BET) for E2 detection with a panel of human volunteers (n = 49) is 39 nM E2 (15 nM when “non-smellers” 
are excluded). This concentration of E2 is sensitive enough to detect levels of E2 that would be found in dosage forms. This 
manuscript provides evidence that scent has potential for use in portable yeast biosensors as a read out, particularly for use 
in LMICs.  

There is a need for improved analytical tools suitable for de-
tecting pharmaceuticals in technology-limited settings. One ap-
plication for such analytical tools is to monitor the quality of 
pharmaceutical dosage forms, as it is estimated that at least 
10% of all medical products sold in low- and middle-income 
countries (LMICs) are substandard and/or falsified.1 Equipping 
pharmacists and customs workers with a tool to test batches of 
drugs could prevent substandard or falsified pharmaceuticals 
from making their way to patients. HPLC is the gold standard 
for quantifying many pharmaceuticals.2,3 However, the initial 
cost of equipment, price of consumables, and lack of trained 
personnel make this technology out of reach for many areas. A 
device that is inexpensive, robust, user-friendly, stable, and 
portable would be ideal for monitoring pharmaceuticals in 
LMICs. 

A technology that shows promise for pharmaceutical analy-
sis in LMICs is whole cell yeast biosensors because yeast are 
inexpensive to maintain, have a vast genetic toolbox, and are 
robust.4,5 However, many of these biosensors are not portable, 
require additional equipment to be read,  or call for reagents 
which are not shelf-stable and/or expensive.4,6-11 We recently 
published a description of a whole-cell yeast biosensor that de-
tects doxycycline with a fluorescent reporter which can be read 
with an inexpensive light box.12 However, it would be ideal to 
be able to utilize a reporting system that does not require any 
additional equipment or reagents.  

To create an equipment-free whole cell yeast biosensor, we 
have developed an olfactory-based reporter. Scent has the po-
tential to signal the presence of analytes, needing only the 

user’s nose to measure biosensor output. This genetically engi-
neered strain of yeast would be distributed, stored, and recon-
stituted by the end user in a manner similar to  the way bread 
yeast are used, then incubated with the pharmaceutical prod-
uct in question.  To our knowledge, scent was first used in a 
synthetic biology context as a biosensor reporter by the 2006 
MIT IGEM team, who used it as a read-out for the physiological 
state of bacteria.13 Scent has not yet been used in published 
work as a read-out in whole cell biosensors, though some have 
described olfactory reporters for analytical purposes using  
mostly enzyme-based in vitro systems.14-17 

These early studies, while foundational, had limitations. For 
example, few (if any) of these previous scent-based reporter 
systems were developed for field use or technology-limited set-
tings, so cost and usability of the devices were rarely discussed. 
Additionally, the sample size of human volunteers used to vali-
date these systems was generally small: in the reports listed, 
study sizes typically ranged from just 5 to 10 volunteers (no 
demographic data given), and internal review board (IRB) ap-
provals for the use of human subjects were generally lacking. 
14-17 These issues present concerns for the reproducibility of 
this data and are a roadblock for further development of these 
technologies for field use. Due to these issues, we endeavored 
to develop more rigorous standards for scent-based device 
testing and reporting while developing our own inexpensive 
and portable scent-based yeast biosensor. 

After considering a variety of odorant options, we chose iso-
amyl acetate as the scent product for our yeast biosensor. Iso-
amyl acetate has a distinct banana smell which is non-toxic at 
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levels that yeast produce and is unlikely to occur naturally in 
most samples being tested, including water, soil, or pharma-
ceuticals.18 Humans can detect isoamyl acetate scent at low lev-
els: the threshold for detection of isoamyl acetate in water is 
0.017 ppm.19 The naturally occurring enzyme, acetyl transfer-
ase I (ATF1), is primarily responsible for converting isoamyl al-
cohol to isoamyl acetate in yeast.18 The production of ATF1 in 
yeast has been studied extensively in the brewing industry for 
flavor production, and thus the pathway of isoamyl acetate syn-
thesis has been well-characterized.18,20,21 For these reasons, 
ATF1 was selected to be overexpressed in yeast to test their 
ability to produce scent as readout in response to a stimulus 
(Figure 1C).  

To demonstrate proof-of-principle for the suitability of ATF1 
as a reporter for the presence of analyte , we chose to use the 
endogenous galactose-response system because the yeast ga-
lactose promoter is well-characterized and is commercially 
available (Figure 1A).22,23 Briefly, we obtained a plasmid in 
which the ATF1 gene was placed under control of the galactose 
promoter, and the galactose responsive plasmid was trans-
formed into a strain of Saccharomyces cerevisiae (PSY580a). Us-
ing GC-FID headspace analysis, we then measured the produc-
tion of isoamyl acetate by the galactose-responsive scent-pro-
ducing biosensor, or “scentsor,” in response to treatment with 
galactose. 

 

Figure 1. Scentsor Design. (a) Galactose scentsor made using the galactose-inducible plasmid, pATF1. When scentsor yeast are 
treated with galactose (in the absence of glucose), galactose binds to the endogenous Gal4 transcription factor and induces yeast to 
over-produce the enzyme ATF1 (note that endogenous ATF1 is present at low levels). ATF1 converts isoamyl alcohol (which yeast 
naturally produce) to isoamyl acetate (banana scent). (b) Estrogen scentsor made using the chimeric GEV receptor that binds to the 
galactose promoter and is induced by treatment with E2. (c) Schematic of the conversion of isoamyl alcohol to isoamyl acetate. 

 In these initial experiments, we observed that galactose 
scentsors that were treated with galactose alone did not pro-
duce a significant amount of isoamyl acetate (Figure 2). We hy-
pothesized that the naturally produced level of isoamyl alcohol 
(the isoamyl acetate precursor) in yeast was not sufficient to 
produce high levels of isoamyl acetate, even though ATF1 pro-
duction increased. To test this hypothesis, we tried supple-
menting with isoamyl alcohol. After supplementing the 
scentsor with isoamyl alcohol, a significant amount of isoamyl 
acetate was produced by scentsors treated with galactose: the 
level of isoamyl acetate reached 115 ppm, which is 4 orders of 
magnitude greater than the reported human detection thresh-
old for isoamyl acetate in water (Figure 2).19 Isoamyl alcohol 
could easily be added to packaged scentsor yeast; thus, this 
finding does not negatively impact the portability or usability 
of this device.  

Because the galactose scentsor supplemented with isoamyl 
alcohol showed significant signal in response to galactose, we 
tested it with human noses (IRB: 17-12-4290).   
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Figure 2. GC-FID detection of isoamyl acetate. Concentration of 
isoamyl acetate in the headspace of scentsor cultures was de-
termined from a calibration curve. Error bars = Std. error from 
the calibration curve. Galactose scentsors were cultured in ei-
ther inducing (1% galactose, 1% raffinose) or non-inducing 
(2% raffinose) conditions with or without added IA (250 ppm 
isoamyl alcohol). The abbreviation “n.p.” indicates that the 
Xcalibur software was unable to detect and integrate a peak for 
isoamyl acetate in a given run.  

To test the ability of humans to detect the presence vs. ab-
sence of galactose with our scentsor, we used a 3-alternative 
forced choice (3-AFC) model.24,25 Participants were presented 
with 5 sets of samples. Twenty-eight volunteers signed up for 
this study, and a total of 140 observations were collected (see 
Supplemental Information for more details on study size and 
sampling procedures). In each set of samples, there were 3 
tubes of scentsors. Two of the tubes contained non-induced ga-
lactose scentsor yeast (raffinose-treated) and the other tube 
contained induced galactose scentsor yeast (galactose-
treated). For each set, participants were asked to identify 
which tube smelled most like banana. Analysis of the results 
from this study showed that 91% of responses corresponded 
to the galactose-treated scentsor yeast (Table S2). Additionally, 
of the 28 volunteers who participated in this study, 22 of indi-
viduals chose the galactose-treated tube in all 5 of their sets 
(Figure 3). The Z-score for this occurrence is 63. This finding 
indicates that participants were able to detect the inducible ba-
nana scent produced by the yeast. 

Figure 3. Distribution of Correct Responses from Galactose 
Scentsor Testing. The number of correct responses out of 5 to-
tal sets was recorded for each of the participants (n = 28). 

Although most of our volunteers chose the correct tube in all 
5 replicates, there were a few individuals who chose an incor-
rect tube in at least one of the sets, and one individual scored 
below the guessing probability (Figure 3). These data suggest 
that there are some individuals who can smell the banana re-
porter well, while others have weakened acuity for banana 
scent, if they can smell it at all. This conclusion is not surprising 
given that 12.4 % of the population in the U.S. was found to 
have a general smell impairment.26 Another factor that could 
be contributing to the failure rate is the incidence of specific 
anosmia (the inability to smell a particular odorant though a 
person’s general sense of smell is normal) for isoamyl acetate 
within our population. Specific anosmia can result from genetic 
mutations which cause the loss of receptors involved in the de-
tection of a particular scent.27  We were not able to find a spe-
cific anosmia rate for isoamyl acetate in the literature, but it is 
known that specific anosmia can range from 0.1% to 47% for 
particular odorants.28 

Because variation in performance with the scentsor was ob-
served among panelists (as expected from the literature), a 
chance-corrected beta-binomial function was used to estimate 
the probability of true discrimination (Pd) for treated 
scentsors. The beta binomial is the model of choice for repli-

cated sensory testing.24,29-31 This analysis shows that the prob-
ability that an individual will detect a difference in banana 
scent between treated and untreated samples, Pc, is 92 ± 3% 
(Table S3). The true discrimination probability, Pd, is 88 ± 5% 
at a 95% confidence interval (Table S3). These findings support 
our hypothesis that yeast biosensors could be made to produce 
a detectable scent in response to a given analyte, in this case 
galactose. Additionally, these results support our hypothesis 
that this reporter would be easy-to-use given that our panelists 
were “trained” perform this test in less than 5 min. with a sim-
ple sheet of instructions.  

Because results with the galactose scentsor were promising, 
we coupled our scent reporter to a pharmaceutical detection 
circuit in yeast that is relevant for testing pharmaceutical qual-
ity in LMICs. We chose to develop an estrogen scentsor because 
sex-hormone-based drugs fall into a category of pharmaceuti-
cals that have been found to be substandard at rates above av-
erage in LMICs: 56% of sex hormone and genitourinary drugs 
were found to be substandard in these regions.32 Additionally, 
there have been reported cases of substandard and/or falsified 
contraceptives.33-35 

To build an estrogen scentsor, the galactose scentsor was re-
engineered to detect the hormone estrogen through the use of 
the chimeric GEV receptor.36 The GEV receptor binds to the ga-
lactose promoter and initiates transcription of the downstream 
gene upon binding to estrogen. The pGEV-TRP plasmid was 
transformed into the galactose scentsor to form the estrogen 
scentsor (Figure 1B). This estrogen scentsor was first charac-
terized by GC-FID using the protocol established for the galac-
tose scentsor (Figure 2). Estrogen scentsor yeast were treated 
with a range of estradiol (E2) concentrations and isoamyl ace-
tate production was quantified using GC-FID (Figure 4). The es-
trogen scentsor had maximum production of isoamyl acetate at 
1000 nM E2, reaching 125 ppm isoamyl acetate.  

 

Figure 4. Estrogen Scentsor Dose Response. Estrogen scenstors 
were treated with various concentrations of E2 and allowed to 
incubate for 18 hrs before analysis with GC-FID. 250 ppm iso-
amyl alcohol was added upon incubation. A representative ex-
periment is shown. Error bars are the std error from the cali-
bration curve.  Note the log scale on the x-axis. 1 nM appears to 
drop below 0 ppm isoamyl acetate because the calibration 
curve does not go through the origin.  

Table 1. Estrogen Scentsor Results 

E2 (nM) 1 10 100 1000 5000 

Percent Correct* 33% 65% 77% 91% 91% 

*Excluding “non-smellers” 

These data indicate that isoamyl acetate production rises 
above background with treatment of ~10 nM E2 and reaches 
an EC50 above 100 nM (Figure 4). These data also show that 
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the estrogen scentsor yeast respond to estradiol in a dose-de-
pendent manner, except at the highest concentration of E2 
(5000 nM). Isoamyl acetate production dropped in scentsors 
treated with 5000 nM E2, compared to those treated with 1000 
nM E2. 5000 nM was chosen as the highest concentration of E2 
in our experiments because it is approximately the upper solu-
bility limit for E2 in aqueous solutions.37 The reason for the 
drop in response at high E2 concentrations is unknown, but we 
speculate that it could be due to an increased burden on the 
cells at this high level of E2. It is possible that such high concen-
trations of E2 either disrupt some general cell functions or im-
pact the production of isoamyl acetate. 

Having confirmed that the GEV receptor is compatible with 
the ATF1 reporter gene and that estrogen scentsor yeast are 
responsive to estradiol (Figure 4), we determined the sensitiv-
ity of human noses for estradiol-treated scentsor yeast (IRB: 
17-12-4290). The protocol for this study is based on the estab-
lished methods.25,38 The ascending 3-AFC model was used to 
determine the threshold of E2 that is needed for participants to 
recognize the scentsor reporter signal (banana scent). Estra-
diol concentrations were presented in an ascending order to 
mitigate sensory desensitization. Participants were presented 
with 6 sets of estradiol-treated scentsor yeast with the follow-
ing concentrations of E2: 0, 1, 10, 100, 1000, and 5000 nM E2. 
Each set of samples presented to participants had 2 tubes of 
untreated scentsor and one tube of E2 treated scentsor. 

A best estimate threshold (BET) was calculated from the re-
sponses of the 49 volunteers who participated in the E2 thresh-
old test (Table 1; Table S5). The BET is an approximation of the 
stimulus level detectable with a probability of 0.5 by 50% of the 
population. The BET for an individual participant is calculated 
by taking the geometric mean of the concentration at which the 
last miss occurred and the next higher concentration that was 
selected correctly. The BET for the sample population was then 
calculated as the geometric mean of the individual assessors.  

The BET for the detection of E2 for our panel of 49 partici-
pants was 39 nM E2 (or 10 ppm isoamyl acetate when the 
measured isoamyl acetate concentration was used to calculate 
BET) (Table S5). This concentration of E2 is sensitive enough 
to detect levels of E2 that would be found in dosage forms, in-
cluding contraceptives, which generally contain at least 10-30 
μg active ingredient (corresponding to 37-110 nM E2 if dis-
solved in 1 L). If non-smellers are excluded, the BET dropped 
to 15 nM E2 (~ 5 ppm isoamyl acetate). Non-smellers were de-
fined as those who got 0 or 1 answer correct out of the 5 sets 
that included E2. Note that the predicted number of correct an-
swers that each participant would choose by chance is 1.6 
based on our 3-AFC testing method. Given that the previously 
determined threshold for humans to detect isoamyl acetate in 
aqueous solutions is 0.017 ppm isoamyl acetate,19 it is likely 
that complex background scent of the yeast culture in which 
the isoamyl acetate was presented had a negative effect on 
their sensitivity to isoamyl acetate. However, this decrease 
does not significantly affect the ability of participants to detect 
the levels of isoamyl acetate produced by scentsor yeast when 
treated with concentrations of E2 that are relevant for pharma-
ceutical monitoring, as evidenced by the low concentration of 
E2 detectable by the majority of participants (Table 1; Figure 
4). 

Detailed demographic information is included in supple-
mental data (Table S4, Table S7). This information is provided 
so that our results may be interpreted in light of the diversity 
of our panel. In both studies, our panel was primarily white, fe-
male, and young when compared to other scent-based acuity 
studies.26,39 Logistic regression with these datasets suggest 
that the scentsor is not subject to detrimental demographic 

bias when in regards to usability (Table S6, Table S8). However, 
a larger, more diverse demographic study would need to be 
conducted to confirm this.  

Our scentsor studies show that the probability of true dis-
crimination with the galactose scentsor was 88%. Because 
there is evidence for a sub-population of non-smellers, we be-
lieve that our scentsor test could benefit from a positive control 
to determine whether the potential user is able to smell iso-
amyl acetate. This could be presented in the form of a scratch-
n-sniff sticker and would likely improve the probability of dis-
crimination for our scentsor. This could also prevent false neg-
ative results in future studies. The accompaniment of this port-
able positive control with the deployable form of the scentsor 
would also help to “train” end users in LMICs. A simple set of 
instructions would direct users to sniff a control that has simi-
lar aroma intensity as the scentsor before conducting a test. 

  Additionally, the sensitivity of the GEV-based E2 scentsor 
does not reach the level of sensitivity needed to monitor envi-
ronmental samples for EDCs. A more sensitive receptor, such 
as hER, would need to be used in order to reach the sensitivity 
needed to monitor environmental EDCs. 

 In conclusion, we have shown that scent producing whole 
cell biosensors, or scentsors, are able to produce significant 
amounts of isoamyl acetate upon treatment with an analyte of 
interest. Isoamyl acetate levels produced by scentsor yeast are 
detectable by the human nose. This scent-producing reporter 
can be coupled to estrogen sensing machinery in order to pro-
duce an estrogen scentsor. The BET for our panel of sniffers 
was 15 nM E2 (without non-smellers). This concentration of E2 
is more than sensitive enough to detect levels of E2 that would 
be found in dosage forms, which generally contain at least 20 
μg active ingredient. Because the human olfactory system is in-
herently non-quantitative, we suggest that the scent-based re-
porter would be most useful for applications in which a thresh-
old concentration of analyte needs to be reported, such as test-
ing pharmaceuticals for a threshold level of active pharmaceu-
tical ingredient. However, the reporter could potentially be 
made semi-quantitative through approaches such as the use of 
serial dilutions. Thus, this work shows that scent-based report-
ers in whole cell yeast biosensors have potential to address 
real-world analytical needs in technology-limited settings.  
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