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Yeast biosensors have become suitable tools for the screening and detection of
environmental pollutants because of their various advantages compared to
other sensing technologies. On the other hand, many limitations remain with
regard to their optimal performance and applicability in several contexts, such
as low-concentration samples and on-site testing. This review summarizes the
current state of yeast biosensors, with special focus on screening and assess-
ment of environmental contaminants, discusses both pros and cons, and sug-
gests steps towards their further development and effective use in the
environmental assessment.

Yeast Biosensing Principle and Applicability Domains

Numerous chemical compounds that may represent a threat in terms of both environmental risk
and human health are released into the environment, contaminating vital resources including water,
air, and soil. Natural populations of many species have been reported to be affected by environ-
mental pollutants, not only in industrial areas [1-3] but also in remote ecosystems once considered
as pristine [4,5]. Given the widespread use of chemicals in products and industrial processes,
exposure of both humans and wild biota may result in physiological alterations and adverse effects
including developmental toxicity, reduced fertility, and neurological disorders [6-8]. In addition,
diverse human activities such as farming, industry, untreated waste waters, and recreation
abnormally increase the concentrations of degradable organic compounds in waters, which
are then metabolized by aquatic microorganisms, resulting in a dramatic depletion of oxygen
levels and posing a threat for other living organisms in the ecosystem. The rapid detection of both
contaminants and oxygen shortage is required to prevent health and environmental risks.

Scientists have developed various biological tools for the rapid screening of a large number of
chemicals in the environment to promptly detect those that could constitute a hazard (Box 1)
[9-11]. Among the available tools, in vitro models such as genetically modified yeast have become
particularly suitable for use in biosensors because of several advantages, including time- and cost-
effectiveness, sensitivity, reproducibility, and scalability to high-throughput formats. Unlike other in
vitro sensors not based on whole-cell systems, yeast biosensors allow specific detection of
compounds in their bioavailable forms and, given the less-demanding growth conditions of yeasts,
they are potentially adaptable to portable devices for in-field testing [12].

Yeast biosensors are constructed by coupling yeast cells sensitive to environmental com-

pounds with electronic transducers. Yeast can be naturally sensitive to pollutants, for example,
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Yeast biosensors are in vitro tools used
routinely for environmental monitoring.

Current yeast biosensors are still far
from optimal performance.

Recent improvements in yeast biosen-
sing include increase of sensitivity,
adaptation to high-throughput formats,
and immobilization of cells into/onto
supporting matrices that simplify pro-
cedures and enhance cell durability.

Further improvements such as port-
ability and combination with online
applications are necessary to make
yeast biosensors accessible to in-field
monitoring.
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Box 1. Strategies Used for Detection of Environmental Pollutants

To help to contextualize the use of yeast biosensors for environmental monitoring purposes, Table | summarizes the
advantages and disadvantages of other approaches commonly used for the detection of environmental pollutants. Given
that yeasts are unicellular eukaryotic organisms, yeast-based methods combine the advantages of prokaryotic assays
with being more representative of higher organisms.

Table |. Methods Used for Detection of Environmental Pollutants

Detection Method

Chemical analysis

Enzyme-based

Bacteria-based

Yeast-based

Algae-based

Vertebrate
cell in vitro

Tissue explants

Animals in vivo

Advantages

Identification of specific compounds
Low limits of detection
No ethical issues

Information on specific enzyme-substrate
interaction

Low limits of detection

Results in minutes or hours

Scalable to high-throughput formats

No ethical issues

Easy and inexpensive

Results in hours or days

Scalable to high-throughput formats
Adaptable to portable devices

Eukaryotic organism

Easy and inexpensive

Transfection with fully functioning vertebrate
genes possible

Results in hours or days

Scalable to high-throughput formats
Adaptable to portable devices

Easy and inexpensive
Results in hours or days
Scalable to high-throughput formats

Specific signaling pathways can be studied
separately without interference of whole-
organism responses

Numerous cell types available

Results in hours or days

Lower ethical issues compared to in vivo
assays

3D cell cultures can mimic the responses of
tissue explants

More comprehensive and complex functional
information on pollutant effects than unicellular
assays

Possibility to use waste tissues from butchers

Invertebrate and vertebrate models are
available

Reflect systemic factors

The most accurate sensing system for
quantifying animal-threat agents

The most accurate sensing system for
translation of results to human

Disadvantages

No information on biological activity
Sample pre-cleaning usually needed
Cost of analytical devices

Low relevance for the cell or the
whole-organism

Low relevance for eukaryotic organisms
Possible ethical issues of using genetic
modifications

Requires special equipment for sterile work

Unicellular organism

Possible ethical issues of using genetic
maodifications

Requires special equipment for sterile work

Specific light requirements
Nutrients in complex samples may mask
effects of toxicants

Not possible to replicate precise cellular
conditions of a vertebrate organism
Possible ethical issues of using genetic
maodifications

Requires special equipment for sterile work
Laborious and expensive compared to
bacteria and yeast

Ethical issues (if animals raised only for testing
purposes)

Laborious

Duration of experiments

Deterioration of tissues after a relatively short
time

Do not reflect systemic factors

Ethical issues

Time and costs of raising and maintaining
animals

Duration of experiments

Not suitable for use in biosensors

High variability between animal species
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Glossary

Amperometry: detection of analytes
based on differences in the electric
current after applying a potential.
Biodegradable organic
compounds: organic contaminants
relevant for waters, where their
biodegradation by bacteria consumes
oxygen. The amount of these
substances is usually quantified as
BOD.

Colorimetry: detection of analytes
based on a chemical reaction that
induces a change of color in the
medium.

Cytotoxins: substances that have
deleterious effects on cell function
and viability.

Endocrine-disrupting compounds
(EDCs): exogenous substances or
mixtures that alter function(s) of the
endocrine system and consequently
cause adverse health effects in an
intact organism, its progeny, or (sub)
populations.

Fluorimetry: detection of analytes
based on light emission. The light
emission is triggered by light
previously absorbed.

Genotoxins: chemical or other agent
that directly or indirectly damages
cellular DNA, resulting in mutations
and consequent adverse outcomes
(e.g., diseases including cancer).
Ligand: compound that interacts
with a recognition biomolecule
forming a complex that triggers a
biological response.

Limit of detection (LoD): the lowest
amount of substance that a given
assay can significantly distinguish
from controls (no presence of
substance).

Luminometry: detection of analytes
based on light emission. Unlike
fluorescence, the light emission is
induced by a chemical reaction and
not by light.

Reporter gene: gene whose
expression is easily detectable after
linkage to the regulatory sequences
of another gene of interest. It allows
the assessment of gene expression
related to that gene of interest.
Reporter gene expression is typically
measured as change of color,
luminescence, or fluorescence signal.
Toxic metals: metals that can exert
harmful effects at the levels that are
relevant for polluted environment.
These metals can be from the groups
called biologically essential (e.g., Cu,
Zn) or non-essential (e.g., Cd, Pb).
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biodegradable organic compounds (see Glossary) and toxins, because of the intrinsic
presence of molecular targets in the cell. In those cases, cells may need to be transfected with a
reporter gene as a detection system to measure the chemical activity. However, their
sensitivity is generally acquired by introducing specific foreign biorecognizing molecules able
to recognize analytes of interest, such as endocrine-disrupting compounds (EDCs) and
toxic metals. This process requires the transfection of cDNA encoding a specific receptor
together with interacting partners and target promoters of a cotransfected reporter gene whose
expression is then regulated by the analyte-receptor interaction. During the sensing process,
chemicals enter yeast cells and interact with biorecognition molecules, including nuclear
receptors, DNA, and enzymes, triggering a specific response that can be detected either
by an electric current (amperometry) or by reporter gene activity (color, fluorescence, or
luminescence), depending on the yeast biosensor design (Figure 1). The response signal is
proportional to the initial biorecognition event, and it is thus possible to determine the effective
concentration of the ligand of interest. This has been used (i) to characterize the actions of
individual chemicals towards different biological targets for assessing hazards, and this in turn
allows the calibration of sensors for individual prototypical compounds and estimation of their
relative toxic potencies (equivalency factors), and (i) to assess toxic activities in contaminated
environmental samples. While the first hazard assessment approach has only partially
employed yeast biosensors (owing to lower relevance of results to humans compared to other
in vitro and in vivo models), many studies have used yeast biosensors as a tool for
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Figure 1. Yeast Biosensing Detection Principle. (1) Preparation of chemicals or environmental samples (including, e.g.,
extraction or pre-concentration of the samples) and exposure of yeast cells (exposure time varies depending on the yeast
assay). (2) The compounds trigger a biological response in the yeast cells such as induced activity of a reporter gene, DNA
damage, or metabolic reaction. (3) The signal associated with the biological response is (4) measured, amplified, and
transformed into quantifiable values using an electronic transducer. The values are analyzed to evaluate effects of chemicals
or environmental sample. Abbreviation: PR, promoter.
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environmental monitoring in air, soil, aquatic, and biological samples. For example, yeast
strains transfected with the aryl hydrocarbon receptor (AhR) have been used to estimate toxic
potential in aerosols, combustion particles, and effluents from kraft mills and wastewater
treatment plants [13-15]. Yeast biosensors have also been broadly used to assess anti-/
estrogenic and anti-/androgenic potencies associated with waste, surface, bottled, and tap
waters, as well as with suspended matter and sediments [16-19]. Similar approaches have
been applied for other EDCs such as glucocorticoids or retinoids, and to evaluate metal
concentrations and related toxicity in water samples [10,20]. Another application of yeast
biosensors includes assessment of biochemical oxygen demand (BOD), an endpoint reflecting
one of the key quality parameters in water monitoring studies.

When moving from research towards practical monitoring, standardization, and validation of any
method (including yeast biosensors) is essential for its regulatory acceptance. With this respect,
two yeast assays are undergoing the validation process within International Organization for
Standardization Committee Draft (ISO/CD) as a standard biological method for the determina-
tion of the estrogenic potential of water and waste water (ISO/CD 19040-1).

Available Yeast Biosensors

The yeast biosensors developed so far have focused on several groups of environmental
pollutants with well-characterized mechanisms of action and simple molecular targets (Table 1).
In general, there are two different approaches: (i) biosensors for contaminants sharing specific
biological or toxic potentials in a mixture (e.g., groups of biodegradable organics, groups of
EDCs such as estrogens or androgens, metals, cytotoxins, genotoxins etc.), and (i) bio-
sensors highly specific for individual compounds (e.g., metals such as copper or priority EDCs
such as bisphenol A). The biosensing principle is similar in all cases, and only the specificity of the
target determines the range of detected compounds.

Biodegradable organics, generally quantified as BOD, comprise a large group of important
aquatic contaminants. Although traditional and standardized analytical methods for BOD
measurements exist, they are time-consuming, generally taking 5 days to obtain reliable values
(BODs), and show relatively high interlaboratory variability due to fluctuations in the microbial
diversity of the inoculum. By contrast, current electrochemical yeast biosensors reliably
measure cellular respiration in only a few minutes [21]. Moreover, yeast cells are more resistant
and tolerant than bacteria to aquatic chemical stress, and yeast biosensors thus remain
functional for longer periods. It is also beneficial to use co-cultures of several yeast species
with similar growth parameters and different substrate specificities to broaden the range of
oxidized substrates covered [22]. Nevertheless, the number of yeast and fungal species used
for BOD biosensing applications is smaller than the number of bacterial species that have been
exploited [23].

Yeast biosensors targeting EDCs are particularly prominent because of the intrinsic ability of
yeast cells to correctly express transfected vertebrate nuclear receptors, which allows relatively
easy preparation of suitable transgenic yeast strains. Several key receptors involved in endocrine
signaling have been utilized in yeast biosensors, and even transgenic strains cotransfected with
two different receptors have been developed [24]. Among them, estrogen and androgen
receptors have by far attracted the most attention given the still-growing knowledge of environ-
mental occurrence and relevance of estrogenic and androgenic compounds. Several transgenic
strains specific for single EDCs of particular interest such as tributyltin or bisphenol A have been
developed. However, environmental samples often contain complex mixtures of contaminants,
and the specific endocrine-disrupting potency of the sample is therefore better reflected by
biosensors responding to a broader range of endocrine ligands sharing the same mode of
action.
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Table 1. Yeast Biosensors for Detection of Environmental Pollutants®

Pollutant
Group

Metals

Endocrine
disruptors

Genotoxins

Cytotoxins

Biodegradable
organics

Detected
Compound(s)

Copper

Cadmium
Heavy metals

Thyroids

Retinoids

Tributyltin

Androgens

Estrogens

Progestagens

Dioxin-like

Glucocorticoids

Metabolic
disruptors

Bisphenol A
Serotonin

NA

Inhibitors of
respiratory system

ROS inducers
General cytotoxins

NA

Receptor/
Gene

CUP1

AtPCSH
CAMP-PKA
TR

RXR

RXR/RAR
RXR-ER
hAR

hER
hER

hER
hERB
hERoc

PR

AhR

GR

PPARy
PPARy
antagonism

BPA-R
HTR1A
RAD54
RNR2
RNR3
PLM2
DIN7
HUG1P

Cell respiratory
system

SOD1
NA
NA

Detection

Amperometry
Colorimetry
Fluorescence
Luminescence

Fluorescence
Fluorescence

Luminescence
Colorimetry

Colorimetry
Luminescence

Colorimetry
Luminescence

Colorimetry
Luminescence
Luminescence
Fluorescence

Colorimetry
Fluorescence
Luminescence
Luminescence
Amperometry

Fluorescence
Colorimetry

Colorimetry
Fluorescence

Fluorescence

Amperometry
Colorimetry

Luminescence
Fluorescence
Fluorescence
Fluorescence
Fluorescence
Fluorescence
Fluorescence
Fluorescence

Amperometry

Fluorescence
Luminescence

Amperometry

LoD
(Range uM)

0.11-500
1

0.5

0.5

0.2
12-45

3.7 x 1072
05 x 1072
to 0.075

0.01
0.06

0.01
0.06

0.2 x 1072
0.05 x 1072
05 x 1072
3 x107°

001 x 10°°
0.03 x 107°
0.03 x 10° to
0.04 x 1072
0.03 x 1072
1x10°°

0.1 x 10310 1
1

0.3 x 1072
5x 1073

0.5

0.01
0.1

0.11

10
50-90
3-50
10

50

50
3-45
0.8-1.2

0.1
NA
39-206

Ligand

Copper

Cadmium

Ts

9cRA
TBT

9cRA
TBT
DHT
DHT
DHT
E2

PG

TCDD
B-NF

Budesonide

Gl262570
Rosiglitazone

BPA
5-HT
MMS

KCN

Menadione
NA
BOD

Refs

[39,40]
[20]
(64]
[65]

[66]
[29]

[62]
[62,67,68]

[69,70]
[71]

[7]
[69]

[73]
[74]
[26]
[72]

[75-77]
[78]
[26,30,79]
[26]

[80]

[78,81]
[78]

[82]
[78]

[83]

[84]
8]

[86]
[87]
[88-90]
[89-91]
[92]
[90]
[90]
[92,93]
[94]

[27]
[26]
[41,42,95,96]

@Abbreviations: 5-HT, 5-hydroxytryptamine (serotonin); 9cRA, 9-cis-retinoic acid; B-NF, B-naphthoflavone; AhR, aryl
hydrocarbon receptor; AtPCS1, phytochelatin synthase from Arabidopsis thaliana; BOD, biochemical oxygen demand,
BPA, bisphenol A, BPA-R, bisphenol A receptor; DHT, dihydrotestosterone; E2, estradiol; ER, estrogen receptor; GR,
glucocorticoid receptor; hAR, human androgen receptor; hER, human estrogen receptor; HTR1A, 5-hydroxytryptamine
receptor 1A; KCN, potassium cyanide; LoD, limit of detection; MMS, methylmethane sulfonate; NA, not applicable; PG,
progesterone; PPAR, peroxisome proliferator-activated receptor; PR, progesterone receptor; Ts, triodothyronine; TR,
thyroid receptor; RAR, retinoid A receptor; RXR, retinoid X receptor; ROS, reactive oxygen species; TBT, tributyltin; T,
testosterone; TCDD, 2,3,7,8-Tetrachlorodibenzo-p-dioxin.
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Toxic heavy metals, one of the most hazardous groups of contaminants, can be detected by both
non-specific and specific biosensors. The sensing element in non-specific biosensors is based on
the cAMP/PKA (cAMP-dependent protein kinase) signaling pathway which mediates gene expres-
sion in response to generic toxic substances in yeast. These biosensors have been shown to
recognize As®*, Fe2*, Pb?*, and Cd?*, but they seem to be nonselective to metals, responding to
other generally toxic compounds [25]. In addition, the sensitivity of these biosensors is about two
orders of magnitude lower than that of specific biosensors, and they are thus suggested for
monitoring general toxicity rather than toxicity specifically associated with metals. Among the
different metal species, copper has received the most attention because of the native presence of
copper-inducible promoters (CUP7) in yeast cells, which has facilitated the development of specific
strains for biosensing.

Another group of yeast sensors detects chemicals altering DNA structure. Unlike bacteria,
yeast cells have similar DNA repair mechanisms to higher eukaryotes, sharing some genes or
vertebrate homologs such as RAD54, RNR2, RNR3, PLM2, DIN7, HUG1P. This has been used
to develop transgenic yeast strains responsive to DNA damage by coupling genes involved in
DNA repair to reporter genes, mainly fluorescence-based systems. Given that some biological
functions are phylogenetically conserved in higher organisms, responses in yeasts are con-
sidered representative indicators of genotoxicity. However, it remains unclear whether results
obtained from yeast may be indicative of potential carcinogenicity in vertebrates.

Cytotoxicity testing using yeast biosensors is possible in different ways. Wild-type yeast cells can
be used to detect changes in the oxygen respiratory activity in response to chemical exposure by
amperometric methods. Similarly, cytotoxicity can be detected as an inhibition of luminescence
in yeasts constitutively expressing luciferase enzyme [26]. Another indirect approach uses
oxidative defense proteins, such as Cu,Zn-superoxide dismutase (SOD7), which are induced
in response to the toxic effects of, for example, metal-related oxidative stress. GFP was fused to
a chromosomal copy of SOD1T to create a new yeast biosensor originally designed to assess
material biocompatibility [27], although the potential applications are general and include testing
of chemicals or environmental samples.

Despite the relevance of the aforementioned contaminants, the number of compounds covered by
current yeast biosensors is relatively limited compared to the diversity of hazardous chemicals
released into the environment. One of the main reasons for this is the high complexity of some
biological systems that complicates their translation into simple in vitro models. In addition,
molecular targets for many compounds are still not known, and this precludes the development
of efficient yeast biosensors. It should also be highlighted that the positive response of the yeast
biosensor indicates only the potency to interfere through a specific mode of action, and does not
directly imply the effect (considering the complexity of regulatory and compensatory mechanisms
feedbacks in vivo).

Detection Systems and Their Sensitivity

Yeast biosensors can be classified as amperometric, colorimetric, luminometric, or fluoro-
metric according to the detection system used (Table 1; Figure 2), which partially pre-determines
the sensitivity and thus the limit of detection (LoD). Amperometric biosensors detect analytes by
measuring changes in electric current using specific electrodes after applying a potential. This
strategy is used, for instance, to monitor water quality by measuring BOD values. Colorimetric,
luminometric, or fluorometric biosensors most commonly use reporter genes associated to
specific sequences to generate a measurable signal to quantify analyte-molecular target inter-
actions [28]. Such biosensors are typically obtained by introducing two foreign elements into the
yeast cell: a biorecognition molecule, notably vertebrate receptors able to recognize an analyte of
interest (e.g., hormones), and a reporter gene under the transcriptional control of that biomolecule.
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Figure 2. Examples of Immobilization Strategies for Yeast Biosensors. Times in parentheses below indicate typical
duration of fully sensitive and viable cells. (A) Immobilization onto/into biocompatible polymeric matrices (90 days) [47]. (B)
Encapsulation of cells into polymeric beads, for example, alginate-based beads, isolating cells from less-optimal environ-
mental conditions (1 month) [44,45]. (C) Immobilization of yeast cells or beads onto micro-structured polymeric surfaces to
increase bioavailability of analytes. Durability of cells and beads is estimated to be similar in A and B, respectively. (D)
Lyophilization at low pressures and low temperatures to eliminate water content in cells and to achieve a biological ‘standby’
state (at least 10 months when stored at —18 °C) [55]. (E) Microfluidic cages used to trap yeast cells or beads while a
solution flows through them. The microfluidic platform is mounted on a fluorescence microscope where the signal from cells
is captured (several days) [38]. (F) Paper-integrated yeasts remain viable for periods longer than 1 year when stored at
—20 °C. Yeast cells are immobilized into a polymeric channel where they will be exposed to the samples. To avoid cross-
contamination, channels are separated by hydrophobic barriers. Abbreviation: YPD, yeast extract/peptone/dextrose.

Direct comparability of various detection systems and their sensitivities is difficult given the
limited number of studies that use the same conditions. Moreover, sensitivity for each detection
system may vary depending on the nature of the compound to be detected. For example, while
amperometric yeast biosensors for the detection of metals show similar sensitivities to fluoro-
metric and luminometric biosensors (e.g., in the range 0.1-1 uM for copper, Table 1), ampero-
metric detection of EDCs is scarce and usually less sensitive than fluorescence and
luminescence. The situation regarding the comparability of sensitivities of color-based versus
fluorometric and luminometric detection systems is similar, ranging from comparable LoDs for
some compounds to one order of magnitude less-sensitive colorimetric detection for other
ligands (Table 1). However, fluorometric and luminometric systems often use simplified protocols
in which yeast cell lysis and/or addition of external substrates are not required. As a conse-
quence, current efforts to develop new yeast biosensors are more oriented to fluorescence and
luminescence than to color-based systems.

Yeast biosensors show LoDs in the uM range for metals, cyto-/genotoxic compounds and BOD,
and nM for EDCs (Table 1). Therefore, while levels of sensitivity for the first three groups of
compounds are comparable to those obtained with other in vitro cell-based sensors (i.e.,
bacteria and vertebrate cells) [29], yeast biosensors for the detection of EDCs are still at least
one order of magnitude less sensitive than their mammalian cell-based counterparts [30,31].
Thus, some EDC-contaminated samples which are detected by mammalian assays could go
undetected by the yeast biosensor. This disadvantage can be minimized by extraction and pre-
concentration of the samples tested; however, this is time- and labor-demanding. Moreover,
pre-concentration of complex samples may increase non-specific cytotoxicity, making the
assessment of EDCs technically impossible. The limited sensitivity of yeast sensors is especially
relevant for particular compound classes such as alkylphenols [32]. Potential strategies to
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enhance sensitivity should be focused on both key elements in yeast biosensors, in other words
the bioreceptor and the reporter gene. In this respect, the study of the mechanistic details of
reporter genes has arisen as a crucial task to improve sensitivity [33]. For instance, a new version
of the luciferase reporter gene has been developed by removing the peroxisomal targeting
codons, resulting in higher levels of light emission and, consequently, avoiding the need for cell
lysis before response detection [34]. Computational analysis may help to detect the key amino
acid residues involved in the enzymatic reactions associated with reporter genes, facilitating
further modification and optimization of their structures using protein engineering techniques
[35]. Molecular techniques allow up- and downstream sequences that regulate gene transcrip-
tion to be modified to enhance reporter expression and the detected signal. However, this may
also result in increased background noise. Finally, the validation and establishment of new
reporter genes could contribute to both increased sensitivity and broadened applicability of
yeast biosensors. For example, a new secretory luciferase from Japanese ostracod has
successfully been implemented recently [36]. Unlike other luciferases, this secretory luciferase
is highly stable at neutral pH and does not require cofactors for the enzymatic reaction. Because
cell lysis is not required for measuring the luminescence signal, assays can be adapted to
automated high-throughput platforms employed by other luciferase-based assays.

Scalability to High-Throughput Formats

Environmental assessment often includes large numbers of samples, thus demanding the
development of efficient high-throughput approaches. Accordingly, yeast assays originally
designed to be performed as single tests in tubes have been adapted to different multi-well
microplate formats, increasing biosensor throughput and reducing the volumes required for the
assays.

Reporter gene-based yeast assays are now typically performed in 96-well microplates, although
higher-density designs, for example, 384- and 1536-well microplates, have been used as well
[37]. Apart from microplates, even larger throughputs may be achieved with miniaturized
microfluidic platforms [38]. The high throughput can also be enhanced to detect multiple toxic
potencies on a single plate by combining, for example, two yeast populations with different
reporter genes that elicit responses at different wavelengths [12]. In addition, the use of
automated platforms and robots may further increase the time- and cost-efficiencies of yeast
biosensors. To increase the ready-to-use nature of the methodology, approaches for immobili-
zation of yeast have been explored, and most of the methods described are compatible with
miniaturized and multi-analyte detection formats (see the following section).

High-throughput formats have also been gradually implemented for amperometric biosensors.
First, copper-sensitive yeast strains were adapted to stirred measuring chambers to determine
Cu?* content [39]. Further, amperometric yeast biosensors using flow injection analysis have
been developed that allow semi-continuous assessment of metals. Current versions of these
biosensors can measure about 50 samples using the same sensor and remain stable for up to 2
months [40]. Similar methods have been also applied to biosensors for BOD assessment
[41,42], where yeast cells were immobilized on high-density transducer surfaces and coupled
to flow injection systems. As a result, assessment of BOD is now possible in only a few minutes
and is compatible with semi-continuous measurement.

On-Site and On-Line Applicability

On-site applicability of yeast biosensors requires ready-to-use protocols able to preserve the
viability and sensitivity of yeast after long periods of storage such that they can be used without
previous reconstitution from frozen stocks and precultivation, a process that must be done under
sterile conditions and requires 3-4 additional days. For this purpose, cells are immobilized or
encapsulated in different matrices to create favorable microenvironments in which cells can survive
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in ‘standby’ state (Figure 2) [43]. Although this latent state typically interrupts cell metabolism, cells
are more easily reconstituted than those mixed with glycerol and stored at —80 °C, allowing fast
transition to the fully-active state. Therefore, immobilized yeast biosensors reconstituted in growth
medium are ready for use after short reconstitution times. Encapsulation may also be a good
strategy to isolate cells from undesired nonspecific toxic compounds present in the media. The
cells can then respond to compounds of interest without interference from the complex sample
matrix, which would otherwise require additional sample pre-treatment [44].

Several polymers such as calcium alginate, polyvinyl alcohol, pectin, gelatin, agar, and silica gel
have been used for cell immobilization, assuring cell viabilites from 28 days to 4 months
(Figure 2) [44-48]. Yeast cells can be directly immobilized onto specific micropatterns of polymer
surfaces, which enhance the efficiency of ligand—cell interactions [49], or can be encapsulated in
polymer beads. The two strategies can be also combined to increase both the viability and
stability of the cells and the bioavailability of compounds and samples. Some of these polymers
have been successfully combined with commercial and prototype portable luminometers
[12,47]. However, the use of polymers in yeast biosensors also has important limitations. First,
the sensitivity of immobilized cells is typically at least one order of magnitude lower than that of
their non-immobilized counterparts because of lower bioavailability, in other words limited
diffusion of the analytes through polymers and gels [50]. Second, matrices tested so far
degenerate after relatively short time-periods, mainly due to water evaporation, a process
closely related to storage temperature, which results in alterations or partial cracking of the
supporting matrix. Both limitations can be overcome by encapsulating cells in synthetic materials
such as ceramic-like or artificial polyelectrolyte matrices with high stability and porosity as well as
adaptability to different biosensor designs [51,52]. In experiments with bacteria, such advanced
matrices maintained the viability and luminescence responses for several months [53]. Recently,
microfluidic cages have been also used to immobilize bacterial biosensors; however, these
platforms maintained functionality of cells for only short periods of time [38]. This approach could
be potentially applied to yeast biosensors because microfluidic platforms have been demon-
strated to be applicable to yeast cells for various purposes, including biosensing [54].

So far, the most efficient approach for the long-term storage of viable yeast cells is freeze-drying,
which ensures the activity of cells for at least 10 months with no significant effects on biosensor
sensitivity when stored at —18 °C [55]. However, a limitation for rapid on-site applications could be
the extra few hours needed for recovery from the freeze-dried state to a completely active yeast
biosensor. Similarly, yeast biosensors designed for pharmaceutical analysis and integrated into
paper-based carriers were shown to be viable for more than 1 year when stored at —20 °C [56].
Importantly, the durability of both freeze-dried and paper-immobilized yeast cells was significantly
shortened to 4 and 6 months, respectively, in biosensors stored at 4 °C, demonstrating that
temperature is a key factor in maintaining the viability of yeast biosensors during long storage
periods. The most likely explanation for this decrease in cell survival is partial rehydration of yeast
cells associated with temperatures above zero. Moreover, given that yeast integrated into paper
have been previously embedded into a polymeric layer, positive temperatures may facilitate the
degradation of polymers, leading to subsequent loss of activity. Indeed, alginate beads stored at
—80 °C have been shown to harbor viable and active cells for longer periods compared to beads
stored at 4 °C [45]. This particular study, however, showed that the optimum storage temperatures
may vary depending on the immobilization technique and the initial freezing process.

Immobilized yeast biosensors have recently been combined with flow injection platforms where
cells are semi-continuously or continuously exposed to waters for quality monitoring [40,42,57].
Such injection systems use peristaltic pumps and press valves to control water flows. Yeast
biosensors are located in isolated measuring chambers where cells are exposed to water
samples, and the response signal is automatically measured. In these applications, waste
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treatment systems have been included (e.g., high-temperature treatment) to avoid the release of
viable transgenic cells into the environment [58]. Although yeast-based flow injection analysis
platforms designed so far are basically prototypes, their effectiveness has been demonstrated
by measuring metals and estrogenic compounds in industrial effluents [40], and BOD in
bioreactors [42]. Recent studies with bacterial sensors showed that this approach is also
applicable for assessing DNA damage, oxidative stress, and cytotoxicity [59].

It is important to remark that, although on-site testing approaches are designed to test environ-
mental samples infield, yeast cells are not placed into direct contact with natural water bodies, thus
excluding the possibility of escape of microorganisms and contamination of the environment.
However, potential risks related to unintentional release of transgenic yeast into the environment
should also be considered and minimized accordingly. In all cases, future development and use of
yeast biosensors in field should meet current regulations on genetically modified organisms.

Concluding Remarks and Future Steps

Yeast biosensors are suitable screening tools for the detection of chemical compounds, but their
applicability for routine environmental monitoring may be in some cases limited by drawbacks
such as lower sensitivities than their mammalian cell-based counterparts. Nevertheless, signifi-
cant advances such as protocol optimization, improvement of detection systems, and the
development of new specific biosensors have been achieved recently. As a result, yeast
biosensors are now an alternative to other analytical tools, and are being standardized as
methods for environmental monitoring purposes. However, the number of compounds currently
covered by yeast biosensors is limited to biodegradable organics (determination of BOD), EDCs,
metals, cytotoxins, and genotoxins, which may constitute only a small fraction of the total toxic
potency of a complex contaminated environmental sample. Because monitoring of all potential
toxic compounds is impossible, development of rational prioritization schemes is a major
challenge for future screening programs. Further needs include the development of yeast
biosensors for new classes of prioritized chemicals and improvement of sensitivity to detect
low levels of the molecules that are of concern in contaminated environmental matrices.

Important advances have been achieved in terms of high-throughput and on-site applicability, and
yeast biosensors are now adaptable to various miniaturized platforms compatible with immobili-
zation strategies. Although high-density portable detection devices are not yet available, medium-
throughput prototype models have been successfully developed [12]. Current efforts further move
towards the improvement of such devices and the development of high-throughput alternatives to
obtain ‘ready-to-use’ biosensors that would allow on-site testing of large number of samples in a
short time. In-field applicability may be further increased by using yeast based-sensors that do not
require extraction and concentration of samples [60-62], and by the use of strains tolerant to more
adverse environmental conditions such as high salinity [57]. Ultimately, portable devices could be
combined with incipient online applications for continuous water monitoring [57,59,63].
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