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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 estimate 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 technology-limited environments.
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There is a need for improved analytical tools suitable for detecting pharmaceuticals 

in technology-limited settings. One application 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. 
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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 analysis in LMICs is whole cell 

yeast biosensors because yeast are inexpensive to maintain, have a vast genetic toolbox, 

and are hardy.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 detects 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 potential to signal the presence of analytes, needing only 

the user’s nose to measure biosensor output. 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 readout 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 

settings, so cost and usability of the devices were rarely discussed. Additionally, the sample 

size of human volunteers used to validate 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) approvals 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 isoamyl acetate as the scent product 

for our yeast biosensor. Isoamyl acetate has a distinct banana smell which is non-toxic at 

levels that yeast produce and is unlikely to occur naturally in most samples being tested, 

including water, soil, or pharmaceuticals.18 Humans can detect isoamyl acetate scent at low 

levels: the threshold for detection of isoamyl acetate in water is 0.017 ppm.19 The naturally 

occurring enzyme, acetyl transferase I (ATF1), is primarily responsible for converting 

isoamyl alcohol 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 synthesis 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).
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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 

galactose 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 transformed into a strain of S. 
cerevisiae (PSY580a). Using GC-FID headspace analysis, we then measured the production 

of isoamyl acetate by the galactose-responsive scent-producing biosensor, or “scentsor,” in 

response to treatment with galactose.

In these initial experiments, we observed that galactose scentsors that were treated with 

galactose alone did not produce a significant amount of isoamyl acetate (Figure 2). We 

hypothesized 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 production increased. To test this hypothesis, we tried supplementing 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 threshold 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).

To test the ability of humans to detect the presence vs. absence 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 galactose scentsor yeast (raffinose-treated) and 

the other tube contained induced galactose scentsor yeast (galactosetreated). 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 individuals 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 banana scent produced by the yeast.

Although most of our volunteers chose the correct tube in all 5 replicates, there were a 

few individuals who chose an incorrect 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 reporter 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 
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isoamyl acetate within our population. Specific anosmia can result from genetic mutations 

which cause the loss of receptors involved in the detection of a particular scent.27 We were 

not able to find a specific 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 observed 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 replicated sensory testing.24,29–31 This analysis shows that the 

probability 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.

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 

quality in LMICs. We chose to develop an estrogen scentsor because sex-hormone-based 

drugs fall into a category of pharmaceuticals that have been found to be substandard at rates 

above average 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 reengineered to detect the hormone 

estrogen through the use of the chimeric GEV receptor.36 The GEV receptor binds to 

the galactose 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 characterized by GC-FID 

using the protocol established for the galactose scentsor (Figure 2). Estrogen scentsor yeast 

were treated with a range of estradiol (E2) concentrations and isoamyl acetate production 

was quantified using GC-FID (Figure 4). The estrogen scentsor had maximum production of 

isoamyl acetate at 1000 nM E2, reaching 125 ppm isoamyl acetate.

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 

the estrogen scentsor yeast respond to estradiol in a dose-dependent 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 

solubility 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 concentrations of E2 either 

disrupt some general cell functions or the impact 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 sensitivity 
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of human noses for estradiol-treated scentsor yeast (IRB: 17-12-4290). The protocol for 

this study is based on the established 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). Estradiol concentrations were presented in an ascending order 

to mitigate sensory desensitization. Participants were presented with 6 sets of estradiol-

treated scentsor yeast with the following 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 responses of the 49 volunteers who 

participated in the E2 threshold 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 participants 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, including contraceptives, which generally contain at 

least 10–30 μg active ingredient (corresponding to 37–110 nM E2 if dissolved in 1 L). If 

non-smellers are excluded, the BET dropped to 15 nM E2 (~ 5 ppm isoamyl acetate). Non-

smellers were defined as those who got 0 or 1 answer correct out of the 5 sets that included 

E2 (note that the predicted number of correct answers 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 pharmaceutical 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 supplemental 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, female, 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 discrimination with the galactose 

scentsor was 88%. Because there is evidence for a sub-population of non-smellers, we 

believe that our scentsor test could benefit from a positive control to determine whether 

the potential user is able to smell isoamyl acetate. This could be presented in the form of 
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a scratchn-sniff sticker and would likely improve the probability of discrimination for our 

scentsor. This could also prevent false negative results in future studies. Additionally, the 

sensitivity of the GEV-based E2 scentsor does not reach the level of sensitivity needed to 

monitor environmental 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 

produce 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. The scent-based reporter would be most useful for applications in which a 

threshold concentration of analyte needs to be reported, such as testing pharmaceuticals for 

a threshold level of API. Thus, this work shows that scent-based reporters in whole cell 

yeast biosensors have potential to address real-world analytical needs in technology-limited 

settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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.
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Figure 2. 
GC-FID detection of isoamyl acetate. Concentration of isoamyl acetate in the headspace of 

scentsor cultures was determined from a calibration curve. Error bars = Std. error from the 

calibration curve. Galactose scentsors were cultured in either 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.
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Figure 3. 
Distribution of Correct Responses from Galactose Scentsor Testing. The number of correct 

responses out of 5 total sets was recorded for each of the participants (n = 28).
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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 isoamyl alcohol was added upon incubation. A representative experiment is shown. 

Error bars are the std error from the calibration 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.
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Table 1.

Estrogen Scentsor Results

E2 (nM) 1 10 100 1000 5000

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

*
Excluding “non-smellers”
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