Reproductive Toxicology 98 (2020) 286–298

Contents lists available at ScienceDirect

Reproductive Toxicology
journal homepage: www.elsevier.com/locate/reprotox

Focus on germ-layer markers: A human stem cell-based model for in vitro
teratogenicity testing
Manuela Jaklin a, b, *, Jitao David Zhang a, Paul Barrow a, Martin Ebeling a, Nicole Clemann a,
Marcel Leist b, Stefan Kustermann a
a
b

Pharmaceutical Sciences, F. Hoffmann-La Roche, Pharma Research and Early Development, Roche Innovation Center Basel, Switzerland
Department for In Vitro Toxicology and Biomedicine Inaugurated by the Doerenkamp-Zbinden Foundation, University of Konstanz, Germany

A R T I C L E I N F O

A B S T R A C T

Keywords:
Teratogenicity
Gene egulation
Embryoid bodies
Scorecard
Human induced pluripotent stem cells

Human induced pluripotent stem cells (hiPSC) were used to develop an assay format that may deliver infor
mation on teratogenicity of drugs. A human pluripotent stem cell scorecard panel was used to monitor the
expression of 96 marker genes that are indicative of the stem cell state or differentiation into the ectoderm,
mesoderm and endoderm lineages. We selected a human episomal iPS cell line for the assay based on karyotype
stability, initial pluripotency, differentiation capacity and overall gene expression variability. The assay is based
on embryoid body formation and was developed to be simply automated. In this proof of concept study, we used
eight reference compounds (valproic acid, all-trans-retinoic acid, thalidomide, methotrexate, hydroxyurea,
ascorbic acid, penicillin G and ibuprofen) to test the technical performance of the assay (readout stability) in
concentration-response and time-course experiments. We also found that each compound affected marker gene
expression in a different way. Various forms of data analysis identified 19 out of 96 early developmental genes as
potential predictive markers for teratogenicity. Machine-learning models were run to exemplify how the assay
will be developed further. The preliminary results from these analyses suggest that the assay could be suitable for
the pre-screening of candidate pharmaceutical compounds. The approach presented here points a way towards
development of a human cell-based assay that could replace the murine EST currently used to screen for early
indications of potential teratogenicity of drug candidates.

1. Introduction
All pharmaceuticals intended for use in women of reproductive age
must be tested for teratogenicity in animals, as specified in the ICH S5
(R3) guideline [1]. Also all pesticides and industrial chemicals produced
at high tonnage need developmental toxicity testing to obtain marketing
authorization [2]. Several alternative methods have been developed for
the prediction and detection of teratogenicity, but none are sufficiently
reliable at the moment to replace studies in pregnant animals [3].
Today, available alternative methods include in vitro embryo culture [4],
the zebrafish embryo test [5] and the rodent embryonic stem cell test
[6]. The embryonic stem cell test has also been adapted to use human
embryonic stem cells (ESCs) [7] or hiPSCs [8,9]. In this publication, we
describe a proof of concept study of a new animal-free assay using
human induced pluripotent stem cells (hiPSCs) with transcriptomic
readouts to screen pharmaceutical candidate molecules.

Methods using hiPSC are subject to fewer ethical and legal con
straints than those using human ESCs. We assume that the use of human
stem cells, rather than those from rodents, will allow an improved pre
diction of teratogenicity in humans [10]. A mouse ESC test for the
detection of teratogenicity has been in routine use in our laboratory for
screening candidate drug molecules for more than a decade [11]. This
assay, however, only provides a very narrow assessment of the
morphogenic processes in the embryo, i.e. the ability of ESCs to differ
entiate into beating cardiomyocytes [12]. One established human
hiPSC-based assay relies on the detection of changes in the ratio of two
metabolites -ornithine and cysteine- that have not yet been mechanis
tically linked to any particular developmental process [8]. Slightly more
sophisticated methods incorporate transcriptomic readouts, such as a
reduction in nuclear translocation of the transcription factor SOX17 in a
monolayer of differentiating human pluripotent stem cells [13].
A more comprehensive transcriptomic assessment would allow a
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much more complete evaluation of ongoing developmental processes.
This could reveal concentration-effect relationships and provide infor
mation on the mechanism of action of teratogenic agents [14–16].
However, a major challenge remains to identify which differentially
expressed genes, or gene expression patterns, are actually predictive of
dysmorphogenic mechanisms amongst the thousands of developmen
tally active genes at any particular time during organogenesis [17–19].
During regulatory risk assessment, teratogenic potential is generally
only considered to be of clinical relevance if it is induced in animal
studies at less than 25-times the human exposure at the maximum rec
ommended dose [1]. It is therefore of little help to categorize pharma
ceutical candidate molecules as teratogenic or non-teratogenic based
purely on a qualitative (non exposure-related) hazard evaluation. For
marketed pharmaceuticals, the term “teratogen” is sometimes used by
physicians as shorthand to describe a medication that causes dysmor
phogenesis under the recommended conditions of use described in the
drug label [20]. Any alternative assay that classifies substances as
teratogenic with no reference to pharmacological potency, dose or
exposure is of little use in pharmaceutical development because it would
flag many potentially valuable molecules as teratogenic despite negli
gible risk under the clinical conditions of use. Another characteristic that
is unique to pharmaceutical testing is that teratogenicity may be caused
by the intended therapeutic action of the drug, or it may be the result of
secondary -non-desired- pharmacological activity. In-vitro teratoge
nicity assays can be used to rank candidate molecules according to their
teratogenic potential for a given therapeutic potency. This information
can then be used to inform molecular drug design.
For the purposes of validating alternative teratogenicity assays, a
“gold standard” list of reference compounds is needed. One such list was
developed by the European Centre for Validation of Alternative Methods
(ECVAM) in 2002, in which 20 chemicals were classified as strong,
weak, or non-teratogens [21]. The ECVAM list, however, failed to take
into account dose or conditions of exposure. Daston et al. proposed
maternal peak plasma concentration (Cmax) as a surrogate for condi
tions of exposure and published a list of 20 compounds (mainly phar
maceuticals). For each of these compounds two Cmax values were
indicated: the one, at which developmental toxicity was observed in
vivo; and the one that corresponded to the no effect level [22].
Our aim is to supplement or replace the existing mouse ESC test with
a model system that is more predictive for humans and can provide more
information on teratogenic mechanisms. Our method herein is based on
the spontaneous formation and maintenance of embryoid bodies (EBs)
under homogeneous conditions and the quantification of relative
expression of predefined marker genes involved in early embryogenesis.
Whereas other transcriptomic approaches either refer to whole tran
scriptome analysis or are limited to very few marker genes, we focused
on a predefined, comprehensive set of early developmental markers that
are differentially expressed in developing embryoid bodies [23–26]. We
describe the set-up of a semi-automatic assay system, approaches to
optimize the experimental procedure and ways to control for con
founding factors such as genomic integrity [27,28]. Finally, we
demonstrate the value of the model system with an initial qualification
using eight reference compounds, comprising pharmaceuticals taken
mainly from the ICH S5 list: valproic acid, retinoic acid, thalidomide,
methotrexate and hydroxyurea, ibuprofen, ascorbic acid and penicillin
G [1].

assessment of compound-induced changes in marker expression levels.
This cell line is a zero-footprint, viral-integration-free human iPSC line,
generated from cord blood-derived CD34+ progenitors with seven
episomal expressed factors (OCT4, SOX2, KLF4, MYC, NANOG, LIN28,
and SV40T) [29,30]. The cell clone was adapted to feeder-free, ser
um-free culture conditions and showed no abnormal karyotype alter
ations up to at least nine passages (Suppl. Fig. S1). The clone exhibited
superior pluripotency and trilineage propensity. Analysis of karyotype
and genetic stability was performed at WiCell™ (Madison, USA). The
cells passed regular mycoplasma testing, which was carried out inter
nally at Roche Non-Clinical Bio-repository (Basel, Switzerland) with the
MycoAlert™ PLUS Mycoplasma Detection Kit and the MycoAlert™
Assay Control Kit (Lonza, Switzerland).
2.2. Human iPSC culture maintenance
The cells were passaged twice a week with a defined cell number of
2.4 × 104 cells/cm2 (three-day culture) or 1.2 × 104 cells/cm2 (four-day
culture) to achieve a maximum confluence of 80%. The medium was
removed and the cells were detached with StemPro Accutase™ Cell
Dissociation Reagent (Thermo Fisher Scientific) for five minutes at
37◦ C/ 5% CO2. Cell detachment was stopped by adding StemFlex™
Medium (Thermo Fisher Scientific) to the detached cells, followed by
centrifugation for five minutes at 240 × g. Afterwards, the cell pellet was
gently suspended in culture medium and the cells were seeded into
Geltrex™ coated culture flasks with complete StemFlex™ (containing
10% StemFlex™ Supplement and 1% RevitaCell™). StemFlex™ w/o
RevitaCell™ replaced the medium completely the day after cell propa
gation. The cells were cultured throughout in a humidified incubator
(Binder, Germany) at 37◦ C and 5% CO2.
2.3. Immunofluorescence labeling of pluripotency markers
Undifferentiated hiPSC were plated on Geltrex™ coated 24-well
plates in a concentration of 18,000 cells per well in StemFlex™ Me
dium with 1% RevitaCell™ solution. The medium was replaced the next
day with StemFlex™ w/o RevitaCell™ and the cells were cultured for
three days until a confluence of 80%. Fixation, permeabilization and
blocking of non-specific receptors were performed with the image-iT™
staining kit from Thermo Fisher Scientific according to the manufac
turer’s protocol. Primary antibody labelling was done with the plurip
otency markers rabbit anti-OCT3/4 (Invitrogen), mouse anti-TRA-1-60
(Invitrogen) and nuclei were labeled with HOECHST 33342 (Gibco™).
Phase contrast and fluorescence images were taken with the Zeiss
Observer Z1 at 20-fold magnification.
2.4. Embryoid body formation and size determination
Prior to cell seeding, 160 μL of StemFlex™ medium per well was
added to 96-well Elplasia™ microwell plates (Corning™, NYC, USA,
#4442), which were then centrifuged for 2 min at 600 × g to remove air
bubbles. To generate homogenous EBs, a well-suspended single-cell
solution of approx. 120,000 undifferentiated hiPSC was seeded into the
microwell plates with 100 μL of StemFlex™ containing 1% RevitaCell™,
resulting in a total medium volume of 260 μL per well. For spontaneous
EB formation of hiPSC, StemFlex™ was replaced by Embryoid Body
Medium (EBM) 24 h after cell seeding (Knockout DMEM, 20% Knockout
Serum Replacement, 1% GlutaMAX™, 1% Non-essential amino acids,
0.18% beta-Mercaptoethanol, Gibco™ by Thermo Fisher Scientific). All
seeding and treatment procedures were performed with an automated
ViaFlo™ 96-well pipetting system to keep a high level of reproducibility.
The EBs homogeneity has been analyzed with automated size determi
nation of bright-field images from ~100 EBs across several plates, taken
with the Opera Phenix™ High Content Screening System at 5-fold
magnification on DIV5 (Perkin Elmer) (Suppl. Fig. S2).

2. Material & methods
2.1. Cell line
Several criteria for the selection of the cell line were defined by EB
formation, initial pluripotency, differentiation capacity, karyotype sta
bility and genetic authentication. Based on these properties, the human
episomal iPS cell clone from Gibco™ (Thermo Fisher Scientific, Wal
tham, USA, A18945) was finally selected for the transcriptomic
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Table 1
List of positive and negative reference compounds.
Compound Name

Catalog number

Compound concentrations (cytotoxicity)

Valproic Acid

PHR1061-1G
(Sigma Aldrich)

all-trans- Retinoic Acid

R2625-1G
(Sigma Aldrich)

Thalidomide

T144-1G
(Sigma Aldrich)

Methotrexate

M8407-500MG (Sigma Aldrich)

Hydroxyurea*

H8627-1 G
(Sigma Aldrich)

Ascorbic acid

A8960-5G
(Sigma Aldrich)

Penicillin G

13752-1G-F
(Sigma Aldrich)

Ibuprofen

I4883-1G
(Sigma Aldrich)

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

4.0 μM
12 μM
37 μM
111 μM
333 μM
1000 μM
3000 μM
0.4 nM
1.2 nM
3.7 nM
11 nM
33 nM
100 nM
300 nM
6.25 μM
12.5 μM
25 μM
50 μM
100 μM
200 μM
400 μM
3.9 nM
7.8 nM
15.6 nM
31.25 nM
62.5 nM
125 nM
250 nM
0.4 μM
1.2 μM
3.7 μM
11 μM
33 μM
100 μM
300 μM
46.87 μM
93.75 μM
187.5 μM
375 μM
750 μM
1500 μM
3000 μM
78.12 μM
156.25 μM
312.5 μM
625 μM
1250 μM
2500 μM
5000 μM
54.68 μM
109.37 μM
218.75 μM
437.5 μM
875 μM
1750 μM
3500 μM

Compound concentrations
(differentiation)

Teratogenicity (human)

•
•
•
•
•
•

4.0 μM (1)
12 μM (2)
37 μM (3)
111 μM (4)
333 μM (5)
1000 μM (6)

Positive [1,38,39]
Cmax: 1400 μM

•
•
•
•
•
•

0.4 nM (1)
1.2 nM (2)
3.7 nM (3)
11 nM (4)
33 nM (5)
100 nM (6)

Positive [1,40,41]
Cmax: 1.5 μM

•
•
•
•
•
•

0.4 μM (1)
1.2 μM (2)
3.7 μM (3)
11 μM (4)
33 μM (5)
100 μM (6)

Positive [1,42,43,44,45]
Cmax: 2.4 μM

•
•
•
•
•
•

0.4 nM (1)
1.2 nM (2)
3.7 nM (3)
11 nM (4)
33 nM (5)
100 nM (6)

Positive [1,46,47,48]
Cmax: 4.6 nM

•
•
•
•
•
•

0.4 μM (1)
1.2 μM (2)
3.7 μM (3)
11 μM (4)
33 μM (5)
100 μM (6)

Positive [1,49,50,51,52]
Cmax: 683 μM

•
•
•
•
•
•

4 μM (1)
12 μM (2)
37 μM (3)
111 μM (4)
333 μM (5)
1000 μM (6)

Negative [53,54,55]
Cmax: 50.000 μM

•
•
•
•
•
•

63 μM (1)
125 μM (2)
250 μM (3)
500 μM (4)
1000 μM (5)
2000 μM (6)

Negative [37,56,57,58,59]
Cmax: 1150 μM

•
•
•
•
•
•

63 μM (1)
125 μM (2)
250 μM (3)
500 μM (4)
1000 μM (5)
2000 μM (6)

Negative [31,32,33,34,35,36,37]
Cmax: 286 μM

Compound concentrations that were selected for treatments during EB differentiation in gene expression assays, and their teratogenicity classification. *Hydroxyurea:
classification by ICH is based on animal in vivo data only: to our knowledge, only few references are available for this classification with no robust data showing adverse
human pregnancy outcomes [1].

2.5. Cell line pluripotency and differentiation propensity

~1000 developing EBs per sample were collected after three, five, seven
and ten days in vitro (DIV3, DIV5, DIV7 and DIV10 hereafter) and pro
cessed with the High Pure RNA Isolation Kit (Roche Diagnostics,
Switzerland). To determine the optimal assay time point it was neces
sary to test for differentiation propensity over a distinct time course. One
of the goals was to develop a faster assay than the currently used mEST,
which uses a functional readout after a ten-day differentiation. Reca
pitulating the physiological properties of the naïve stem cell character
istics as closely as possible, the cells were allowed to differentiate

The level of initial pluripotency from iPS cells was assessed from
purified RNA of 106 undifferentiated cells on the day of seeding. The
samples were measured by 384-well TaqMan™ hPSC scorecard assays
(Thermo Fisher Scientific) with a panel of 96 early differentiation and
pluripotency markers according to the supplier’s protocol. To determine
the differentiation propensity of the pluripotent hiPSC into ecto- (EC),
endo- (EN), mesendo- (ME) and mesoderm (MS), a total amount of
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Fig. 1. Assay design and gene marker panel.
After seeding of ~120,000 cells per well into 96-well microwell plates (DIV -1) it follows a five- to seven-day assay procedure with hiPSC derived three-dimensional
EB formation. Samples are treated with compounds at six concentrations as well as with DMSO as control within the embryoid-body medium on DIV0 and DIV3 for a
five-day differentiation readout and on DIV0, DIV3 and DIV5 for a seven-day assay. Sequential compound treatment, RNA isolation and cDNA synthesis is followed by
the TaqMan™ hPSC scorecard panel analysis on DIV5 or DIV7 with 96 gene markers that are separated by differentiation categories into ectodermal (EC), endo
dermal (EN), mesodermal (MS), mesendodermal (ME), pluripotency (PL), endogenous control (Ctrl) and other specific early developmental markers.

spontaneously into three-dimensional embryoid bodies, enabling the
development of all three germ layers (meso-, endo- and ectoderm). An
evaluation of early markers in all three germ layers should provide a
more holistic view of morphogenesis than established in vitro develop
mental toxicity protocols. To assess the progression of differentiation,
relative germ layer-specific marker expression was averaged and
normalized to the fold change on gene expression of an undifferentiated
23-cell line reference set, which the web-based scorecard analysis soft
ware tool refers to [24].

12 macrowells were collected and total RNA was isolated at DIV5 and
DIV7. The EB samples were washed twice with 10 mL 1 × PBS w/o
Mg2+/Ca2+ (Thermo Fisher Scientific) and then completely lysed with
200 μL PBS w/o Mg2+/Ca2+ (Gibco™, Thermo Fisher Scientific) and 400
μL Lysis Buffer (Roche Diagnostics, Switzerland). All the cell lysates
were purified with the High Pure RNA Isolation Kit (Roche Diagnostics,
Switzerland) according to the supplier’s protocol. The RNA concentra
tion was determined by Thermo Fisher Scientific NanoDrop™ spectro
photometer. The initial quality criteria to allow further processing of the
RNA extraction was a sufficient sample purity according to A260/A230
and A260/A280 absorption ratios of at least 2.0. An amount of 1.0 μg total
RNA per sample was synthesized to cDNA with the Transcriptor™
Universal cDNA Master Kit (Roche Diagnostics) according to the reac
tion protocol (5 min 25◦ C, 10 min 55◦ C, 5 min 85◦ C, hold ∞ min 4◦ C).

2.6. Compound treatment and RNA extraction
Embryoid bodies were treated with EBM for five or seven days and
the medium was exchanged after 72 h and 120 h. The solvent controls
contained 0.25% DMSO (Dimethyl sulfoxide, Sigma Aldrich, St. Louis,
USA) diluted in EBM and the test samples contained valproic acid, alltrans-retinoic acid, thalidomide, methotrexate, hydroxyurea, ascorbic
acid, penicillin G and ibuprofen at six different concentrations diluted in
0.25% DMSO. The reference compounds were chosen mainly based on
human teratogenicity classification criteria found in literature and based
on ICH S5 (R3) reference list. One exception was ibuprofen, for which
the classification as a teratogen in ICH S5 (R3) guideline is positive but
did not show teratogenicity in human studies. Several studies agree that
ibuprofen is probably safe to use in small to moderate doses in the first
trimester of pregnancy. It is more likely to increase the risk of premature
closure of the fetal ductus arteriosus in the third trimester of pregnancy –
so we presumed it in our study as negative [1,31–37] (compound
overview see Table 1). The EBs were treated with compounds on DIV0
and DIV3 for a final assay on DIV5, and on DIV0, DIV3 and DIV5 for a
final assay on DIV7 (Fig. 1). All seeding, compound treatment and media
replacement steps were performed with the 96-well ViaFlo™ automated
pipetting system (Integra, Switzerland) to avoid loss of EBs and to
establish a reliable and reproducible assay procedure. Treated EBs from

2.7. Cytotoxicity
Cytotoxicity was assessed with CellTiter-Glo™ 3D assay from
Promega (Fitchburg, USA). The EBs were treated according to paragraph
2.6 with reference compounds in seven different concentrations
(Table 1). The positive control 5-fluorouracil was applied at a final
concentration of 25 μM. CellTiter-Glo™ reagent (100 μL) was added and
incubated for 5 min on the shaker to lyse the EBs. The plates were kept
additional 25 min in the dark at room temperature for binding of the
released ATP to the luminescent dye. ATP release in supernatants was
measured with the spectrophotometer (Biotek, Vermont, USA). Com
pound concentrations that showed cytotoxicity were not considered for
subsequent differentiation assays (Table 1).
2.8. TaqMan™ scorecard assays
The final real-time quantitative chain reaction (qPCR) was per
formed with the 384-well TaqMan™ hPSC scorecard Panel from Applied
289

M. Jaklin et al.

Reproductive Toxicology 98 (2020) 286–298

Biosystems™ (provided by Thermo Fisher Scientific) according to the
assay protocol. The addition of 20 μL RNAse-free H2O (Ambion, Austin,
USA) and 70 μL TaqMan™ Gene Expression Master Mix (Applied Bio
systems™) completed the 1.0 μg cDNA sample volume to 140 μL. To
each well of the 384-well scorecard, a final volume of 10 μL sample
solution has been added. Quantitative PCR was performed with the
Viia7™ qPCR system (Thermo Fisher Scientific), using the following
settings: 2 min 50◦ C, 10 min 95◦ C, 15 s. 95◦ C, 1 min 60◦ C, 40 cycles. The
data were processed using the web-based hPSC scorecard analysis tool
provided by Thermo Fisher Scientific. The ΔCt values were calculated by
subtracting the geometric mean of the Ct values for all endogenous
standards from each Ct value, with a maximum threshold cycle of 35.

Results were normalized against solvent control (0.25% DMSO) of the
samples.
2.9. Data modelling and statistical analysis
We planned and executed three types of data modelling and statis
tical analysis. First, we performed gene-level data analysis of raw RTPCR data (including visualization by dimension-reduction techniques).
Next, we queried differentially expressed genes between cells treated
with teratogens and cells treated with non-teratogens. Finally, we built
machine-learning models to distinguish teratogens from non-teratogens
based on differential regulation patterns. The models and analysis
Fig. 2. Determination of Cytotoxicity.
The curves show the compound concentrations of eight
different reference substances measured on DIV7 (single
compound concentrations listed in Table 1). Concen
tration dependent cell viability of lysed embryoid bodies
was measured by release of ATP in supernatants based
on CellTiter Glo™ luminescent assay. Cell viability was
normalized to a 0.25% DMSO control (100%). The IC50
determines the maximum concentration where 50% of
the EBs show viability (dashed black line). The IC50
concentrations have been used as a basis for maximum
concentration limits for further differential gene
expression studies. Red dashed lines indicate the log
concentration of Cmax values (n = 3, ±SD).
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procedures are described in detail below.
We used the ddCt software package [60] to perform sample and gene
normalization of qPCR data using the ΔΔCt method [61]. Specifically,
ΔΔCt values for lineage-dependent developmental markers were calcu
lated by subtracting the average Ct of the internal standard controls from
the treated sample Ct values followed by normalization against solvent
controls (DMSO). The ΔΔCt method was applied to each experiment
respectively to normalize gene expression data, using DMSO as reference
and ACTB, EP300, SMAD1 and CTCF as control genes. Relative

expression (log-2 fold change) of all marker genes with regard to vehicle
control cells and housekeeping genes is used for exploratory analysis of
regulatory patterns by principal component analysis (PCA). To sum
marize concentration-effect data into one data point of each tested
compound, we took the median differential expression (middle con
centration) across the tested concentration range from three indepen
dent experiments (n = 3). Next, we used the limma software package
[62] to identify genes that are differentially regulated by teratogens and
by non-teratogens. Finally, to build machine-learning models that are
Fig. 3. Basic distribution of Ctvalues from genes
of all feature classes in control samples.
A: Distribution of the arithmetic mean of Ct values
and their associated standard deviation across nine
biological replicates in untreated negative control
samples. Each dot represents the mean Ct value out
of nine different experiments for one single gene,
separated by feature classes (endogenous control
genes, ME, EN, MS, EC, other and self-renewal
genes). A mean distribution histogram of Ct values
across all experiments is represented in Suppl.
Fig. S6.
B: To calculate Coefficients of Variation, we first
derived the arithmetic mean and the standard de
viation of Ct values from nine independent negative
control samples. CV is then calculated as the ratio
of the standard deviation over the arithmetic mean.
In those Whisker-Box-plots, each dot represents one
gene, the horizontal bar indicates the median, the
lower and upper hinges correspond to the first and
third quartiles, and the whiskers extend from the
hinge to the largest value no more than 1.5 times of
inter-quartile range. The colors indicate the class of
each feature. The observation that median CV of all
feature classes is around or lower than 5% suggests
that the assay is robust and the gene expression
profiles of negative controls show only limited
variability (n = 9).
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able to distinguish teratogens from non-teratogens, we built support
vector machine (SVM) models with the e1071 software (Department of
Statistics, TU Vienna). The following parameters were used: linear
kernel, gamma = 0.01, cost = 4, and random seed 1887 (see Figs. 5 & 8).

Furthermore, we have proven the overall homogeneity of the differen
tiated embryoid bodies and measuring their size revealed a median
diameter of 186 μm per EB with a consistent and homogenous distri
bution across the plates (Suppl. Fig. S2).

3. Results

3.2. Cytotoxicity determination for concentration range finding

3.1. Establishment and characterization of a 3D human pluripotent stem
cell test

To select adequate compound concentrations avoiding cytotoxicityinduced effects on gene expression and EB degradation, it was neces
sary to perform cytotoxicity studies in advance of the differentiation
assays. Concentration ranges for the final gene expression assays were
selected based on data from previously performed CellTiter-Glo™
cytotoxicity assays. The final concentration ranges for EB differentiation
were chosen based on concentrations lower than determined IC50 values
(half maximal inhibitory concentration) for cytotoxicity to maintain cell
viability: valproic acid: < 1.1 mM, all-trans-retinoic acid: < 112 nM,
thalidomide: < 100 μM, hydroxyurea: < 0.1 mM, methotrexate: < 107
nM, ascorbic acid: < 1.3 mM, penicillin G: < 2.2 mM, ibuprofen: < 2.1
mM (Fig. 2). Some concentration ranges had to be adapted in further
differentiation studies to cover even lower concentrations than those
covered by previous cytotoxicity experiments. Compound concentra
tions higher than IC50 cytotoxicity values were not considered in sub
sequent gene expression assays (Table 1). Since we intend to use the
assay to screen pharmaceutical candidate molecules, we attempted to
exclude the detection of developmental toxicity that occurs only in the
presence of cytotoxicity or maternal systemic toxicity and these effects
would already limit the use of the drug. The presented data demon
strates that we have covered the clinically relevant concentrations
(human Cmax) very well in most cases and only in a few cases we are
below the clinically Cmax due to dose limiting solubility issues or gen
eral cytotoxicity of the compound.

Microscopic examination of morphological characteristics revealed
that the undifferentiated hiPSC formed compact colonies with welldefined borders during proliferation. They generally grew in a radial
pattern, which is a clear indication for pluripotency [30,63]. All undif
ferentiated hiPSC samples were tested for pluripotency prior to the assay
by immunofluorescence labeling and showed positive marker expression
of OCT3/4 (POU5F1) and TRA-1− 60 self-renewal markers to verify the
scorecard results phenotypically (Suppl. Fig. S3). Scorecard analysis
revealed that the mean pluripotency marker levels for undifferentiated
hiPSC showed comparable expression levels in relation to the fold
changes of the indicated genes relative to a given reference set of 23
undifferentiated hiPSC clones. However, most samples showed an
upregulation in their mesendoderm expression score relative to the
reference standard (Suppl. Fig. S4) while the overall scorecard analyses
revealed a suitable pluripotency of the undifferentiated cells. The tem
poral expression levels for the germ layer-specific marker genes gradu
ally increased during embryoid body formation, initially with superior
levels of ectoderm (EC) expression followed by mesoderm (MS) and
endoderm (EN). In parallel, pluripotency (PL) and mesendodermal (ME)
marker expression gradually decreased over time according to devel
opmental progression. At DIV5, expression of marker genes indicative of
all germ layers (EC, EN, MS) already showed significant increases in
comparison to the undifferentiated controls. The trend continued up to
DIV10, with sufficient expression levels, i.e. greater than 2-fold change
(Suppl. Fig. S5). In general, the EBs showed remarkable proficiency to
differentiate spontaneously into all three germ layers based on achieving
sufficient marker responses in the scorecard analysis for early EC, EN
and MS trilineage differentiation as well as decreased ME and PL marker
expression to demonstrate recapitulation of early embryonal develop
ment. Therefore, EBs were tested over a maximum of seven days of
differentiation and minimum of five days within teratogenicity assays,
in accordance with the findings of Tsankov et al. [24], who proposed a
minimum of five days for appropriate early marker expression.

3.3. Computational prediction of teratogenicity
Genetic variability and dynamic marker gene expression make a
quantification of spontaneous EB differentiation difficult. Therefore,
standardization and full automation of sample treatment for differenti
ating EBs were crucial to reduce external disturbance on transcriptomic
regulation [64]. The distribution of mean Ct values and their coefficients
of variance (CV) from untreated controls of nine independent experi
ments revealed a good consistency and a high level of reproducibility
between biological replicates. The distribution between different genes
within one feature class showed a maximum of three-fold standard
Fig. 4. Principal Component Analysis of ΔΔCtScorecard Assay
Data.
We performed principal component analysis (PCA) to the relative
gene expression data obtained from compound-treated samples at
DIV5 and DIV7, respectively. We applied the ΔΔCt method to
transform raw Ct values into relative gene expression, which was
used as the input of the PCA algorithm. Data from DIV5 and DIV7
were analyzed with PCA separately. Each dot represents one dif
ferential gene expression profile, which is derived from averaging
three biological replicates of compound treatment by six noncytotoxic concentrations (Table 1). Profiles associated with the
same treatment are rendered in color codes that are indicated in
the legend, and the arrows indicate the direction from the lowest to
the highest concentration (n = 3). Only explicit concentrations of
all-trans-retinoic acid are shown as example in the figure. We
observed that the 96-gene panel could distinguish non-teratogenic
compounds (green dots) from teratogens (orange/red/magenta
dots). Hydroxyurea, which is reported as a teratogen in animal
models and for which no control data is available in humans,
displays on DIV7 a profile that rather resembles those of nonteratogenic compounds. On DIV5, lower concentrations show
rather a positive effect and higher concentrations mimic nonteratogens.
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Fig. 5. Linear separation of test compounds.
In this figure, we visualize the linear separability of differential
gene expression profiles induced by teratogenic and nonteratogenic compounds, using data at DIV7 as an example. Genes
that are significantly regulated after DIV7 are chosen as features to
build a binary SVM using the same parameter sets specified in the
method section. Differential expression profiles of these genes are
visualized as a linear transformation using principal component
analysis (PCA, grey arrows and texts). The samples are projected
on to the same plot by using the scores of PCA (blue or red points).
The orange line indicates the hyperplane of separation. Dots in
black circles are the support vectors. We observe that teratogenic
and non-teratogenic compounds are linear separable after DIV7
using differential expression profiles of the selected genes. The
directionalities of the genes in this graph reflect the regulation
patterns: genes with arrows pointing to the right are up regulated
by teratogens, while genes with arrows pointing to the left are
down regulated by them. Our decision to use only significantly
expressed genes instead of using all genes is purely driven by the
need of visualization because we can hardly visualize more than a
few genes simultaneously with the samples in a clear and easy-toread manner. Nevertheless, we note that the classification accuracy
remains the same.

deviation. Genes like PAX3, SOX1, PHOX2B, CD44, SEV, AFP or SOX17
had Ct values of around 40 in the untreated control samples across all
experiments (Fig. 3A). We observe that the median CV of all feature
classes is around or lower than 5% (Fig. 3B). It suggests that the assay is
robust and the gene expression profiles of control samples show only
limited variability. The overall median Ct value from all merged com
pound treatment experiments was less than 35 cycles (Suppl. Fig. S6). It
suggests that the majority of signals had detectable intensity and likely
will have favorable signal-to-noise-ratios. Only two samples with un
usually high median Ct values around 40 had to be excluded. The final
ΔΔCt data from compound treatment samples were always normalized
to the DMSO solvent control.
We performed principal component analysis (PCA) to the relative
gene expression data obtained from compound-treated samples at DIV5
and DIV7, respectively. We applied the ΔΔCt method to transform raw Ct
values into relative gene expression, which was used as the input of the
PCA algorithm. Data from DIV5 and DIV7 were analyzed with PCA
separately. Each dot represents one differential gene expression profile,
which is derived from averaging three biological replicates of compound
treatment by six different non-cytotoxic concentrations. PCA analysis
revealed that the 96-gene panel of preselected early developmental
markers largely distinguished between teratogens and non-teratogens in
concentrations below cytotoxicity (Fig. 4). We also visualized the linear
separability of differential gene expression profiles induced by terato
genic and non-teratogenic compounds, using data at DIV7 as an
example. We observed that teratogenic and non-teratogenic compounds
are linear separable after DIV7 using differential expression profiles of
the selected genes (Fig. 5). We also observed regulation patterns specific
to feature classes of the genes (EC, EN, MS, ME, PL). This resulted in a
much higher variance within treatments than those induced by nonteratogens (Fig. 6A, B). Teratogens systematically reduce expression of
genes like CD44, JARID2, MYC and SEV and genes for self-renewal
(CXCL5, DNMT3B, HESX1, IDO1, LCK, NANOG, POU5F1, SOX2 and
TRIM22) compared to solvent controls and non-teratogens (Suppl.
Fig. S7). Some genes show a clear concentration-dependent induction or
inhibition; for instance HAND1. Other genes displayed stable gene
expression across the tested concentration levels, for instance BMP10.
We constructed linear models and identified 19 potential genes that are
differentially regulated by teratogens versus non-teratogens (unadjusted
p-value < 0.05), where all of the germ layer feature classes (EC, EN, ME,
MS, PL) are appropriately represented (Fig. 7, Table 2).
However, ectodermal markers like MYO3B, CDH9, WNT1 or TRPM8
were only regulated significantly on DIV7. At the same time, some

mesodermal and endodermal markers were only significantly regulated
on DIV5 (HNF1B, NODAL, HAND2, CDX2, FCN3, PLVAP, HESX1) and
others were only significantly regulated on DIV7 (LEFTY1, HNF4A,
PTHLH, HAND1, TBX3, RGS4). These observations reflect the dynamics
of this developmental system (Suppl. Fig. S7). While the 19 markers
might already be a sufficient panel to predict teratogenicity based on a
transcriptomic readout, we believe their predictive value needs further
investigation. In addition, re-evaluation of the readout time point (e.g.
DIV6) might be helpful when an expanded set of compounds is tested.
Finally, to demonstrate the predictive value of the assay, we built
two preliminary binary classifiers of teratogenicity using the data ob
tained at DIV5 and DIV7, respectively. First, we summarized relative
gene expression data of each gene for seven compounds with confident
human teratogenicity classification (n = 7, excluding hydroxyurea) and
DMSO with the median differential gene expression across concentra
tion ranges for every single compound (or across replicates in the case of
DMSO). Next, we trained linear support vector machines (SVMs) and
assessed their performance by leave-one-out cross validation (LOOCV).
The prediction accuracy was 87.5% at DIV5 and 100% at DIV7 (see
details in Table 3 and Fig. 8). We note that valproic acid (< 1000 μM),
thalidomide (< 100 μM), all-trans-retinoic acid (< 100 nM) and meth
otrexate (< 100 nM) were classified as positive substances at DIV7.
Whereas ascorbic acid (< 1000 μM), ibuprofen (< 2000 μM) and peni
cillin G (< 2000 μM) were classified as negative based on their signifi
cant gene regulation within the range of in vivo relevant concentrations
and apart from cytotoxic effects since we have tested below IC50 values.
Intriguingly, SVMs wrongly classified valproic acid as negative at
DIV5, but correctly classified it as positive at DIV7. This might indicate a
better prediction of teratogenic effects on later time points. At the same
time, hydroxyurea, which is teratogenic in animal studies, was predicted
negative at DIV7. All other compounds were correctly classified by
leave-one-out cross validation according to Table 3 (also see Figs. 5 & 8).
We emphasize that both classifiers are built with scarce data. They
are likely subject to over-fitting, which severely limit their practical
application. However, we believe that with more data collected from
this assay, it will be feasible to build even better predictive models in the
future.
4. Discussion
The aim of this study was to develop a human iPSC-based 3D in vitro
model that can form the basis for later assay development to predict
teratogenic drug effects. The readout of the assay investigates the
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Fig. 6. ΔΔCtdistribution by feature classes of genes.
A: Distribution of relative gene expression by feature classes (Mesendoderm, Endoderm, Mesoderm, Ectoderm, Other and self-renewal) and endogenous control genes
(Controls) affected by all positive and negative compounds in relation to the final assay endpoint (DIV5 or DIV7). All corresponding genes of a lineage are plotted in
relation to the treatment of either solvent control (DMSO), negative compounds (Ibuprofen, Ascorbic Acid, Penicillin G), inconclusive (Hydroxyurea, see comments in
the caption of Table 1) or positive compounds (Thalidomide, Valproic Acid, all-trans-Retinoic Acid, Methotrexate). Positive and inconclusive compounds show
significant effects on gene regulation in all lineages compared to DMSO controls and negative compounds, whereas all compound classes do not represent any effect
on the endogenous control genes. Most significant effects of positive compounds were observed for ectodermal, endodermal and mesodermal genes at DIV7. Rep
licates and concentration-effects are summarized by median values (n = 3). One-factor ANOVA analysis was performed to compare relative gene expression induced
by different treatments at each time point and in each feature class. Asterisks indicate the statistical significance of the F-test: *: p < 0.1, **: p < 0.05, ***: p < 0.01,
****: p < 0.001.
B: Relative expression of genes averaged by feature class (endogenous control genes, Mesendoderm, Endoderm, Mesoderm, and Ectoderm, Other and self-renewal)
induced by three representative compounds on DIV7: Ibuprofen, Hydroxyurea, and all-trans-Retinoic acid. Dots indicate the median relative expression of genes of
the indicated feature (n = 3). Lines connect all tested concentrations from low (Conc. 1) to high (Conc. 6) (see Table 1). Error bars indicate 25% and 75% quantile of
relative expression of genes in the given feature class. This figure is a zoom-in of the previous Fig. 6, A of ΔΔCt distribution by feature classes (n = 3).
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Table 3
Preliminary teratogenicity classification model.
Compound

Teratogenicity class
(human)

DIV5
LOOCV

DIV7
LLOCV

DMSO
Ascorbic Acid
Ibuprofen
Penicillin G
Thalidomide
Valproic Acid
all-trans-Retinoic
Acid
Methotrexate

Negative
Negative
Negative
Negative
Positive
Positive
Positive

Negative
Negative
Negative
Negative
Positive
Negative
Positive

Negative
Negative
Negative
Negative
Positive
Positive
Positive

Positive

Positive

Positive

Overview of a preliminary prediction model based on two binary classifiers of
teratogenicity using the data at DIV5 and DIV7. Therefore we summarized
relative gene expression data of each gene for seven compounds with confident
teratogenicity classification (n = 7, excluding Hydroxyurea as inconclusive
substance) and DMSO with the median across concentration ranges (or across
replicates in the case of DMSO). Since the number of samples are very limited, a
complex classifier may be subject to overfitting. Therefore we trained a simple
model of linear support vector machines (SVMs) and assessed their performance
by leave-one-out cross validation (LOOCV). The prediction accuracy was 87.5%
at DIV5 and 100% at DIV7.

Fig. 7. Significantly regulated genes across all compound treatments on
DIV5 or DIV7.
Linear statistical models identified 19 genes that are differentially regulated
statistically (unadjusted p-values < 0.05) by teratogens at DIV5 or at DIV7 (red
dots). Median values from each individual positive and negative compound
treatment (n = 3) have been taken (hydroxyurea has been excluded from this
calculation due to false-negative prediction). The significantly regulated genes
(red dots) are described in detail in Table 2.
Table 2
Significantly regulated genes by teratogens on DIV5 and DIV7.
Marker

Feature Class

Relative
Expression
DIV5

p-value
DIV5

Relative
Expression
DIV7

p-value
DIV7

MYO3B
CDH9
WNT1
TRPM8
GATA6
LEFTY2
HNF1B
LEFTY1
NODAL
HNF4A
PTHLH
HAND1
HAND2
CDX2
TBX3
RGS4
FCN3
PLVAP
HESX1

Ectoderm
Ectoderm
Ectoderm
Ectoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Mesendoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Self-renewal

1.0
0.8
0.9
0.4
1.8
1.5
6.3
1.5
2.8
0.9
1.3
2.5
7.1
6.2
1.7
2.4
0.4
0.4
0.1

0.91
0.76
0.83
0.07
0.41
0.21
0.03
0.12
0.01
0.91
0.41
0.08
0.01
0.04
0.14
0.05
0.02
0.03
0.03

0.3
0.3
0.3
0.2
5.4
2.7
2.1
1.9
1.8
0.4
1.8
7.8
5.8
4.5
3.8
3.3
0.6
0.2
0.3

0.01
0.03
0.05
0.03
0.05
0.05
0.20
0.04
0.44
0.03
0.03
0.03
0.10
0.08
0.04
0.03
0.30
0.09
0.07

Fig. 8. Leave-one-out testing scheme.
The figure shows the computational procedure of the leave-one-out testing. In
each iteration, one compound is held out as the test data (grey box) and other
compounds are used as the training data to train a support-vector machine
(SVM) model using leave-one-out cross-validation (LOOCV). The inner-loop
LOOCV procedure tunes the hyperparameters of the SVM model by leaving
one data point of the training set at a time and selects the best parameter set by
the average prediction accuracy. The outer-loop leave-one-out testing proced
ure is performed eight times (iterations). We find that in all cases, the held-out
test data point is correctly predicted, namely the classification accuracy is
100%. We note that due to the very limited data size, however, the accuracy of
the model will be likely lower when it is applied to an independent dataset.
Color codes: blue boxes indicate non-teratogenic compounds, pink boxes indi
cate teratogenic compounds, and the grey box indicates the held-out test data.

Genes that were significantly up- or downregulation by teratogens across all
compound treatments either at DIV5 or at DIV7 (green) (unadjusted p- values <
0.05, moderated t-test). The data is generated from median values (middle
concentration) of all positive and negative compound treatments out of three
independent biological replicates (n = 3).

perturbation of the expression of a battery of developmentally pertinent
genes induced by teratogenic pharmaceuticals at sub-cytotoxic con
centrations. Previous studies demonstrate that hiPSC-derived EBs reca
pitulate molecular events in early embryonic development [65]. Most
previous studies that have focused on the detection of teratogenesis
using transcriptomic approaches have encountered challenges around

lineage bias or genetic variability during spontaneous EB differentiation,
especially for reprogrammed stem cells [66]. Other studies have used
human embryonic stem cells, which were not considered appropriate for
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our model due to ethical constraints and in taking into account the ready
availability of hiPSC [67,68]. The unprimed human episomal iPS cell
line, which was finally selected for the assay, spontaneously differenti
ates into all three germ layers, allowing monitoring of subsequent al
terations in early gene expression signatures during EB maturation.
Though most samples showed relatively high levels of mesendodermal
expression at DIV0, mainly caused by the upregulation of NR5A2
marker, which functionally substitutes OCT4 and improves reprogram
ming efficiency – however, the overall pluripotency did not get
impaired. Since we observed this upregulation in all samples across
different passages and without any loss of pluripotency, it might be an
indication of general cell line-specific characteristics of reprogrammed
episomal hiPSC [69–71]. Genetic stability of the cell line is crucial to
limit assay variation [28,72]. No clonal or non-clonal abnormalities
were identified within the karyotype for up to nine passages. In com
parison to conventional culture systems, our maintenance protocol and
automated EB formation improves reproducibility and is suited to
high-throughput upscaling of the assay, which was proven by randomly
homogenous size determination of the EBs. As already described [24],
temporal differentiation assessment in the present study revealed DIV7
as the optimal time point. Compared to later measurements, this is more
economical than DIV5 (earlier) because of better marker representation
and signal determination. Another novelty of the present study was the
targeted assessment of a preselected panel of human developmental
markers involved in early embryonic differentiation, with the aim of
narrowing down the most representative markers for teratogenicity
determination. This knowledge-driven approach may provide an
advantage compared to data-driven approaches, often involving
whole-transcriptome profiling, which measures many effects in genes,
pathways, and networks unrelated to development [15]. Our study
showed consistent and reliable data for the selection of predictive
marker genes to distinguish between teratogenic and non-teratogenic
pharmaceuticals. Linear statistical modelling identified 19
early-differentiation markers that were significantly regulated by te
ratogens at either DIV5 or DIV7. Support-vector machines, trained with
the limited dataset, classified seven out of eight reference compounds
correctly at DIV7, with the notable exception of hydroxyurea for human
teratogenicity of which we tend to interpret as inconclusive. The
machine-learning model, despite its severe limitation of data, suggests
that our hiPSC-based model system, coupled with targeted tran
scriptomic profiling, may better predict human teratogenicity than
previous model systems. Thalidomide, for example, was correctly clas
sified as a human teratogen in a concentration range between 100 and
0.4 μM on DIV5 and DIV7, whereas the substance is a false negative
when tested in rodent in vivo models [73–76]. In this regard, it is
important to note that different toxicants triggered different patterns of
gene expression and affect germ layers in compound-specific patterns.
This is a relevant learning from the current study, as the appropriate
weighing of these effects needs to be considered for further development
of prediction models. Given that the selected gene panel is enriched with
markers of ectodermal development, compounds interfering with it
might be detected with particularly higher sensitivity. At the same time,
given that meso- and endodermal marker expression changes are less
prominent, future investigations are warranted to identify whether te
ratogens interfering specifically with meso- and endodermal develop
ment can be detected with high accuracy, and to identify new, better
markers specific for this purpose [15]. The data presented herein
represent a proof-of-concept study with an initial validation set of
compounds and future improvement of the machine-learning model
requires that we collect more data from this assay, covering as much as
chemical space as possible. Another possibility is to use one instead of
two time-points. With a better prediction accuracy and a generally
higher level of expression levels of germ-layer markers at DIV7, future
research is required to test whether it is feasible to omit the assay
endpoint on DIV5. Furthermore, structural molecular analogues of
known varying teratogenic potential will also be tested with the aim of

establishing a threshold for the assay endpoints to distinguish between
teratogen and non-teratogenic substances especially for the lowest
effective concentrations. Finally, it is aimed to anchor the transcriptomic
assay readouts to specific dysmorphogenic mechanisms with observable
physiological phenotypes for each germ layer, since chemicals may also
trigger transcriptome changes that are not directly related to altered
differentiation patterns or post-translational modifications [77,78]. In
terms of applicability and toxicological assessment, it is important that
future validation studies should moreover include a supplementary
concept of reliable assay documentation according to standardized
guidelines for test methods (e.g. OECD guidance document GD211,
ToxTemp). This involves all detailed information about e.g. the test
purpose, the test system, the acceptance criteria that were applied, an
exposure scheme, all uncertainties, the defined endpoint as well as a
precise description of the prediction model, etc. [79]. There is still some
doubt over how to qualify human-based in vitro teratogenicity tests for
use in regulatory safety testing. Because there are so few teratogens for
which sufficient human data are available, it is hard to demonstrate the
superiority of human-based tests over rodent-based in vivo tests [80–82].
Therefore, cross-validation of this model with in vitro and in vivo study
data needs to be further explored. The relationship between in vitro assay
concentration and in vivo plasma exposure will also need to be estab
lished [22,83]. We envisage that in the early stages of pharmaceutical
development, assay concentrations will be compared with the effective
pharmacological concentration, as determined in cell-based assays or
animal models. Then, as pharmaceutical development continues, the
predictive power of the assay for the selected candidate(s) will be
optimized by substituting actual human exposure data into the predic
tion formula as they become available.
Furthermore, a bioanalytical characterization of effective intracel
lular concentrations is necessary to explain detailed compound distri
bution within the test system. The in vitro model would also reveal
toxicological processes better if it was combined with data on active
metabolism or a trans-placental barrier transfer [2,84]. While our model
successfully recapitulated temporal gene regulation in the three germ
layers of the developing embryoid bodies [85,86], it lacks the spatial
organization and gene patterning of a developing embryo [87–89],
which should be considered in subsequent models. Additionally, mul
ti–omics analysis, like proteomics or metabolomics data would also
complement the overall picture of physiological pathways in this system
beyond morphogenic effects [90,91].
5. Conclusion
Our concept study demonstrated the successful implementation of a
standardized human iPSC-based in vitro model. We have not only shown
the differential gene expression (DGE) effects of human teratogens like
thalidomide, valproic acid, methotrexate and all-trans-retinoic acid, but
also the background effects of negative reference compounds like
ascorbic acid, DMSO or penicillin. We also generated genomic readouts
for ibuprofen and hydroxyurea, for which human teratogenicity poten
tial is less clear-cut. To show the general applicability of our method to
pharmaceutical candidate testing, we trained a basic SVM model with
the most relevant developmental markers (19) to predict teratogenicity
based on DGE data. As the next step, the model will need to be qualified
with many more compounds, which should also permit further optimi
zation of the machine learning prediction model.
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