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Abstract: The International Agency for Research on Cancer has studied and classified
1045 potential substances. It is therefore important to develop rapid screening methods
to identify the mutagenicity of compounds and, further on, the intensity and number of
individual mutagenic substances in complex sample mixtures. The current in vitro Ames
assay in the microtiter plate format (MPF) uses a pH-sensitive detection as endpoint, how-
ever, acidic substances in complex mixtures may interfere the mutagenicity result. Hence,
it was transferred to the planar assay format to be more selective for complex mixture
testing. The co-culture of Salmonella Typhimurium strains TA98 and TA100 with an optical
density of 0.4 at 600 nm was applied on a high-performance thin-layer chromatography
silica gel 60 chromatogram and on-surface incubated for 5 h, which period was limited
due to zone diffusion. Various positive controls were tested, and 4-nitrochinolin-N-oxide
with a limit of detection of 100 ng was established as a positive control. However, due to
the shorter incubation time, no mutagenic compounds were detectable or differentiable in
the tested perfumes, herbal teas, margarines, and hand creams. This does not mean that
the samples are mutagen-free, but it suggests that further improvements to the bioassay
are urgently needed to increase the sensitivity and selectivity of the response. Compared
to conventional sum value assays, a planar Ames assay performed on the separated and
adsorbed sample components advances toxicology research because mutagenic compounds
are separated from interfering molecules due to the integrated separation. It thus would
provide a more selective detection of mutagens in complex mixtures and allow testing of
large sample volumes or concentrated samples without matrix interference.

Keywords: high-performance thin-layer chromatography (HPTLC); cancer; rapid assay;
4-nitrochinolin-N-oxide

1. Introduction
Chronic noncommunicable diseases, including cancer, are responsible for 74% of

deaths globally. Cancer is widespread, and the second most common cause of death
after cardiovascular diseases [1]. In the year 2022, the global incidence of cancer was
approximately 19.9 million cases across both sexes, with an associated mortality rate of
around 9.7 million deaths [2–4]. The International Agency for Research on Cancer has
studied and classified 1045 cancer-potential substances. The carcinogenic effect could not
be classified for 500 agents, whereas 128 agents were carcinogenic, 95 agents were probably
carcinogenic, and 323 agents were possibly carcinogenic to humans [5]. Testing more
chemicals for their mutagenic potential is important to reduce the high case numbers.
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In the early 1970s, Ames et al. [6–10] developed a sensitive and simple in vitro bac-
terial test for detecting potential mutagens or carcinogens. The Ames test is described
in the OECD 471 guideline as the bacterial reverse mutation test [11]. The assay utilized
distinct strains of S. Typhimurium, containing specific histidine mutations [7,8]. The OECD
recommends the use of five reliable strains of Salmonella Typhimurium (TA1535, TA1537,
TA97, TA97a, TA98, and TA100) because of their reproducible response between different
laboratories [11,12]. Williams et al. [13,14] determined that the strains TA98 and TA100
detected 93% of the tested mutagens. The TA100 strain has a hisG46 mutation, which is
responsible for histidine biosynthesis [8], whereas the TA98 strain has a hisD3052 mutation
preventing the encoding of the histidinol dehydrogenase in the hisD gene [15]. Both aux-
otropic strains need histidine in the medium for growth. Mutagens in a sample can mutate
the bacteria to grow in a histidine-free medium, which is measured. Further development
of the Ames test led to the in vitro Ames microtiter plate format (MPF) assay using 96-well
plates instead of agar plates [16]. The detection of mutagenic compounds in the Ames MPF
was based on the associated decrease in the pH caused by the active metabolism (producing
acidic compounds) of the revertant prototrophic Salmonella strains [16–20], leading to a
chromatic shift of an added pH indicator compound, such as bromocresol purple from
purple to yellow at pK1 = 5.2 [21].

The Ames MPF assay is recommended and limited to studying only single compounds
and not complex samples, as acidic components, false-positives or false-negatives may
falsify the sum value and thus mislead the decision. Using another assay, only individual
(single) ingredients of fragrances, not the whole perfume, were investigated via the Blue-
Screen HC microtiter plate in vitro assay using p53-competent human TK6 lymphoblastoid
cells and the Gaussia luciferase reporter system for luminescence detection of genotoxi-
cants and compared with the in vivo micronucleus test and 3D skin-based micronucleus
assay [22]. There is great demand for screening techniques able to study complex sample
mixtures directly, including the intensity and number of individual mutagenic ingredi-
ents or xenogens. The screening should be fast and cost-efficient. The hyphenation of
high-performance thin-layer chromatography (HPTLC) with planar bioassays offers such
potential. Its distinct advantages in comparison to microtiter plate in vitro assays are the
faster workflow and the separation from interfering compounds (e.g., with false-negative
and false-positive responses) and other compounds with opposing effects (e.g., cytotoxins
and antagonists). Overall, it directly enables the detection of individual active compounds
in a complex sample as well as their straightforward characterization [23,24]. For example,
using the planar SOS-UmuC-FLD bioassay, genotoxic compounds were directly detected in
a highly selective and sensitive manner and characterized in complex samples such as food
contact materials [25–27], healthy oils [28,29], cosmetics [30,31], and perfumes [32,33]. The
SOS-Umu-C-FLD bioassay detects genotoxicity through the activation of the SOS response,
while the more specific Ames bioassay detects mutagenicity through point mutations and
frameshifts. Thus, both bioassays complement each other by covering a broad spectrum of
mutagenic effects using specific bacterial strains.

In this study, the Ames MPF assay with two S. Typhimurium strains, TA100 and
TA98, was transferred to the planar assay format. Therefore, different parameters were
tested on an HPTLC silica gel 60 plate, and various mutagenic positive controls [34] were
investigated. The planar Ames assay would enable a direct separation of mutagens from
interfering compounds, allowing for a more selective and faster detection of individual
mutagenic compounds in complex sample matrices compared to the limited conventional
Ames assays, including the microtiter plate format.
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2. Materials and Methods
2.1. Chemicals and Materials

cis-Diamineplatinum (II)-dichloride (CP), 4-nitroquinoline-N-oxide (4NQO, >98%),
phenyl glycidyl ether (PGE, >99%), and triglycidyl isocyanurate (TIC, >98%) were
obtained from Tokyo Chemical Industry (Tokyo, Japan). Methylmethanesulfonate
(MMS, 98.7%) was delivered by Santa Cruz Biotechnology (Dallas, TX, USA). N4-
Aminocytidine (N4ACT, 95%) was purchased from Angene Chemical (London, UK).
N-Nitroso-N-ethylurea (ENU) and glycerol (>99%) were acquired from Sigma Aldrich
(St. Louis, MO, USA). Ampicillin sodium salt (>99%) and dimethylsulfoxide (>99.8%)
were obtained from Carl Roth (Karlsruhe, Germany). Cyclohexane (99.8%) was from
Thermo Fisher Scientific (Waltham, MA, USA). Ethyl acetate (>99.8%) was obtained
from Th. Geyer (Renningen, Germany). Methanol was delivered by VWR International
(Darmstadt, Germany). Potassium hydroxide (KOH) and HPTLC silica gel 60 plates
(20 cm × 10 cm) were supplied by Merck (Darmstadt, Germany). The two Salmonella
Typhimurium strains, lyophilized and stabilized on a disc format (lyoph. STDisc), i.e., TA98
and TA100, were purchased from Trinova Biochem (Giessen, Germany). The MOLTOX FT
Exposure Media, i.e., Exposure Medium, the Oxoid Nutrient Broth No. 2 (growth medium),
and the MOLTOX FT Reversion Indicator Medium (indicator medium) were from MOLTOX
(Boone, NC, USA). Bi-distilled water was generated using a Heraeus Destamat B-18E
(Thermo Fisher Scientific). The following samples were bought in local supermarkets or
drugstores: three perfumes (Black, Prada Milan, Italy; Wanted by Night, Azzaro Parfums,
Paris, France; and Rush, Gucci, Florence, Italy), two herbal teas (Organic 9-herbs tea, Lord
Nelson, Düsseldorf, Germany and 9-herbs tea, King’s Crown, Hamburg, Germany), two
margarines (Sanella and Rama, both Upfield, Hamburg, Germany), and two skin creams
(Dr. Grandel Elements of Nature—Regeneration, Dr. Grandel, Augsburg, Germany, and
Cum Natura Propolis Hand Cream, Cum Natura, Bad Grönenbach, Germany).

2.2. Cultivation of the Two Bacterial Strains Using Cryostocks

The cryopreserved cell discs of the two strains of Salmonella Typhimurium, TA100 and
TA98, were incubated separately in growth medium (Oxoid Nutrient Broth No. 2, 35 mL)
at 37 ◦C and 120 rpm (Edmund Bühler, Tübingen, Germany) for 16 h in an orbital shaker
incubator (Cultura M, 70700R, Almedica, Galmiz, Switzerland). Cryostocks were generated
by centrifuging (Centrifuge 5702, Eppendorf, Hamburg, Germany) an aliquot of the cell
suspension (20 mL, 3000× g, 10 min), followed by the removal of the supernatant. The
resulting cell pellet was resuspended with ice-cooled growth medium (18 mL) and glycerol
(2 mL), subsequently filled into cryovials (1 mL aliquots), and stored at −80 ◦C. On the
day before the analysis, the cryostock supernatant was discarded. As an overnight culture,
each strain (25 µL) was incubated separately with the growth medium (35 mL) containing
ampicillin solution (37 µL, 100 mg/mL) at 37 ◦C and 120 rpm for 14–16 h.

2.3. Plate Pretreatment

The HPTLC silica gel 60 plates were pre-washed with methanol–water 4:1 (V/V).
Exemplarily, four pieces of the same plate batch were measured to have a mean pH of
6.4 (SenTix SUR, Xylem Analytics, Weilheim, Germany). Thus, each plate was adjusted
to pH 7.9 with 3% KOH solution (piezoelectrical spraying of 2.5 mL, blue nozzle, level 3,
Derivatizer, CAMAG, Muttenz, Switzerland) and dried at 120 ◦C for 15 min (TLC Plate
Heater III, CAMAG).
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2.4. Preparation and Testing of the Positive Control Standards as Band Pattern

cis-Diamineplatinum (II)-dichloride (CP, 10 mg/mL) and N4-aminocytidine (N4ACT,
1 mg/mL) were each dissolved in 30 µL dimethyl sulfoxide, followed by the addi-
tion of 970 µL methanol and dilution with methanol to obtain solutions of 5 mg/µL
for CP and 0.5 mg/mL for N4ACT. A methanolic solution of 4-nitroquinoline-N-oxide
(4NQO, 1 mg/mL) was diluted 1:10 with methanol (100 µg/mL) and methyl methane-
sulfonate (MMS, 400 mg/mL), N-nitroso-N-ethylurea (ENU, 100 mg/mL), and phenyl
glycidyl ether (PGE, 60 mg/mL); each were diluted to obtain solutions of 1 mg/mL.

The tested positive control standards (CP 1–500 µg/band, MMS 1–10,000 µg/band,
PGE 1–3000 µg/band, N4ACT 0.4–20 µg/band, ENU 1–10,000 µg/band, and 4NQO
0.3–2 µg/band) were applied as an 8-mm band pattern with the Automatic TLC Sam-
pler 4 (CAMAG, operated by winCATS 1.4.7 software with FreeMode option, with the
following settings: syringe, 10 µL; dosage speed, 150 nL/s; predosage volume, 200 nL;
filling speed, 15 µL/s; filling vacuum time, 4 s; and rinsing time, 4 s).

2.5. Preparation and Separation of the Four Different Sample Categories

Samples were prepared as follows (stored in the refrigerator, if needed). The solutions
were applied as 8 mm bands (ATS4 parameters as mentioned) onto the HPTLC silica gel
60 plate, dried (hairdryer, 1 min), developed with the indicated solvent system up to 70 mm,
and dried again (hairdryer, 5 min). The plate was detected at white light illumination
(visible light, Vis) and FLD 366 nm (Visualizer 2, CAMAG). All HPTLC instrumentation
was operated by visionCATS software version 3.2 (CAMAG).

• The perfumes were transferred to vials without any sample preparation, applied
(0.8, 1, 10, and 20 µL/band each), and developed with 7 mL of cyclohexane–ethyl
acetate 19:1 (V/V) [33].

• The margarines and skin creams (100 mg each) were dissolved in 1.5 mL of isopropanol–
pentane 1:1 (V/V), ultrasonificated (Sonorex Digiplus, Bandelin, Berlin, Germany) for
10 min, and centrifuged (17,000× g, 10 min). Each upper phase was transferred to a vial,
where 5 µL was applied. Development was performed using 5 mL of pentane–diethyl
ether 8:3 (V/V) after chamber saturation with 20 mL of the solvent system [31].

• The tea samples (500 mg each) were extracted with 5 mL of methanol, ultrasoni-
cated (75 ◦C, 30 min), and centrifuged (17,000× g, 15 min). Each supernatant was
filtered (sterile) into vials, where 50 µL was applied and developed using 7 mL of
dichloromethane–methanol–ammonia 85:15:1 (V/V/V).

2.6. Planar Ames Bioassay Detection

Four bands of the positive control 4NQO (0.1, 0.3, 0.6, and 1 µg/band) were applied
above the solvent front at 80 mm. As a negative control chromatogram, all steps were
performed as usual, but the inoculation with Salmonella cells was skipped. Each overnight
culture of auxotropic S. Typhimurium strains TA98 and TA100 (which require histidine for
growing but cannot produce it) was diluted with the growth medium (containing histidine)
to an optical density at 600 nm (OD600) of 0.4 (Spectronic CamSpec, West Yorkshire, UK).
The cell suspension (1.25 mL of each strain) was pipetted in a 50 mL centrifugation tube
(Sarstedt, Nümbrecht, Germany) and centrifuged at 3000× g for 5 min; then, the supernatant
was discarded. The exposure medium (2.5 mL, histidine-free) was used for cell resuspension
and incubated at 37 ◦C for 40 min, followed by centrifugation at 3000× g and discarding the
supernatant. The indicator medium (2.5 mL, detection of acidic compounds as endpoint)
was used for cell resuspension, and the entire cell suspension was piezoelectrically sprayed
(red nozzle, level 3, Derivatizer) on the HPTLC silica gel 60 plate. The seeded plate was
placed in a polypropylene box (KIS 26.5 cm × 16 cm × 19 cm, ABM, Wolframs-Eschenbach,
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Germany; lined with filter paper pre-moistened with 40 mL distilled water) and incubated
at 37 ◦C for 5 h. The plate was dried (5 min, hairdryer) and detected at Vis and FLD 366 nm
(Visualizer 2, CAMAG). Mutagenic compounds were visible as yellow zones on a purple
background at Vis and slightly blue-fluorescent zones at FLD 366 nm. All assay results
were repeated at least twice.

3. Results and Discussion
3.1. Development of the Planar Ames Assay

The Ames MPF assay [16,17] was the basis for developing the planar Ames bioassay
on the HPTLC silica gel 60 plate. Frequently used in mutagenic and genotoxic assays [34],
4NQO was selected as the positive control. Each auxotropic S. Typhimurium strain
(TA98 and TA100) in the histidine-free exposure medium was individually applied onto
an HPTLC plate, followed by incubation for 40 min, subsequent spraying of the pH indi-
cator medium bromocresol purple onto the plate, and incubation for 5 h. In this period,
mutagens mutate cells to become prototrophic and produce acidic metabolism products.
Unfortunately, no color change in the pH indicator and thus, no visible difference between
the 4NQO zone and background was observed. Different factors of influence were tested,
such as the pH value of the HPTLC plate, incubation time, OD600, and affinity of the two
strains towards 4NQO (data not depicted). However, the on-surface incubation in the
exposure medium did not work. Instead, the incubation in the exposure medium was
then performed in the centrifugation tube during the medium switch, which was not an
extra step. After centrifugation, the cell pellet was resuspended with the indicator medium
before piezoelectric spraying onto the chromatogram, followed by on-surface incubation
for 40 min (Figure 1). Again, the plate pH value, incubation time, cell density OD600, and
affinity of the two strains towards 4NQO were studied, as well as a negative control.

3.1.1. Adjustment of the Plate pH

The catabolic activity of the reverted or mutated Salmonella, which were prototrophic
and able to produce histidine, thus exhibiting viability associated with a pH decrease [15,17],
led to a color change in the indicator bromocresol purple from purple to yellow at pK1 = 5.2
in the Ames MPF assay [21]. In the opposite case, the non-reverted Salmonella did not
survive in the histidine-deficient medium; thus, the indicator remained purple. However,
a slightly acidic pH value of the HPTLC plate (pH 6.4) impaired the detection of the pH
change; thus, it had to be adjusted to an alkaline value.

Five differently concentrated KOH solutions (0.5–5%) were tested (Figure 2). Both the
non-treated plate (pH 6.4) and the plate treated with 0.5% KOH solution showed a yellow
color, which hindered the detection of the pH change and, thus, the color change from
purple to yellow by mutagenic compound zones. Treatment with 1% and 2% KOH solutions
turned the plate background into a soft purple. Following the treatment with a 3% KOH
solution, an optimal purple coloration was achieved while maintaining a moderate plate pH
of 7.9. The more alkaline milieu should not influence cell metabolism as S. Typhimurium
cells grow in a wide pH range up to pH 9 [35]. Spraying the 5% KOH solution resulted in a
plate pH of 9.3, which was too alkaline for cell growth.
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Figure 1. Workflow and parameters of the final planar Ames bioassay method (HPTLC–UV/Vis/FLD–
Ames bioassay) performed analogous to the Ames MPF assay. The illustrated mutagenicity mecha-
nism provides a yellow endpoint due to acidic metabolites formed by the catabolic activity of reverted
or mutated cells through mutagenic compounds.
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Figure 2. Results of the factors of influence: pH adjustment of the HPTLC silica gel 60 plate treated
without (0%) and with five different KOH concentrations (0.5–5%); different incubation times (0–24 h)
of the positive control 4NQO (0.3–2 µg/band) with S. Typhimurium TA100 (+) versus without (–);
different OD600 (0.0–0.4) of strain TA100 culture incubated with 4NQO (0.06–1 µg/band) for 5 h; and
individual TA100 and TA98 strains versus combined strains TA98/TA100 (1:1) incubated with 4NQO
(0.3–2.0 µg/band) for 5 h, all detected after the planar Ames bioassay at Vis and FLD 366 nm.

3.1.2. Study of the Incubation Time

Another important parameter was the incubation time. The original Ames MPF
workflow had an incubation time of 48 h [17]. However, such a long incubation time
would cause zone diffusion, which counteracts sensitive detection. To improve sensitivity
for a 48 h incubation, the zone diffusion on normal phase plates can be reduced by zone
fixation [36], which, however, is focus of another study. Different shorter incubation times
(0–24 h) were investigated instead for the strain TA100 and different amounts of 4NQO
(0.3–2.0 µg/band). No incubation time (0 h) revealed no yellow 4NQO zone at Vis but
a slight blue fluorescence at FLD 366 nm (Figure 2). By increasing the incubation time,
differences in the color intensity were observed, with a maximum intensity for 5 h. The 5 h
incubation time was found to be acceptable for 4NQO and the strain TA100.

3.1.3. Negative Control as Proof of the Selectivity or Specificity of the Response

Further, it must be excluded that the different ingredients of the Salmonella medium, or
buffer salts, binder, and impurities within the adsorbent layer, cause a spectral shift of the
pH indicator in the presence of 4NQO, which could also generate the yellow color. Thus,
as a negative control, a plate was incubated for 5 h without inoculation with Salmonella,
and no color change to yellow was detected in the bioautogram at Vis (Figure 2). However,
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the more sensitive detection bioautogram at FLD 366 nm revealed slightly blue fluorescent
zones despite the absence of cells. This observation was studied in detail with further
mutagenic positive controls (3.2).

3.1.4. Adjustment of the Optical Density of the Cell Culture

As a third parameter, different ODs of the cell culture (OD600 0.0–0.4) were tested.
The bioautograms for OD600 values of 0.2 and 0.4 showed a rising yellow intensity with
increasing 4NQO amounts (0.06–1 µg/band; Figure 2). The higher OD600 of 0.4 was chosen
as it led to a stronger color intensity for the 4NQO amounts of 0.3–1 µg/band.

3.1.5. Detection Limit of Individual Versus Combined Strains Towards 4NQO

Using the optimized parameters of the planar Ames assay, the individual affinity of
the strains TA98 and TA100 was tested versus their combined affinity (TA98/TA100, 1:1)
towards 4NQO (0.3–2 µg/band). Almost no difference was observed in the bioautograms at
Vis (Figure 2). The combination and utilization of both strains enabled an efficient and fast
workflow. The visual limit of detection (LOD) of 4NQO was determined to be 100 ng/band
for both strains. This LOD is 10 times less sensitive for 4NQO than the Ames MPF assay,
with the lowest effective concentration (LEC) of 1 ng and 10 ng for the strains TA 100 and
TA 98, respectively [34]. This might be explained by the shorter 5 h on-surface incubation,
which reduces Salmonella reversion opportunities, compromising sensitivity, in comparison
to the 48 h incubation in the Ames MPF assay.

A direct comparison between the two different assay technologies is challeng-
ing due to fundamental differences, i.e., the Ames MPF operates in the liquid phase
(reports concentrations), while the planar assay works on the adsorbent surface
(reports amounts). Thus, a 10% hypothetical stock solution was used to compare the
Ames MPF and planar Ames assay systems. In the Ames MPF, 10 µL of the stock solution
(1 mg) is applied per well and diluted in a total volume of 2850 µL, as per standard proto-
cols. This results in a 285-fold dilution of the stock solution. This significantly reduces the
effective exposure of bacterial cells to the test compound, which may limit the detection
of weakly mutagenic substances. In contrast, in the planar Ames assay, 100 µL of the 10%
stock solution (10 mg) can be applied onto a defined surface area (e.g., 8 mm band). Without
further dilution, this ensures that bacterial cells are exposed to a 285-fold higher actual
amount compared to the Ames MPF system. Although 2.5 mL of bacterial suspension is
sprayed onto the plate, the test compound remains undiluted, as it is adsorbed. A greater
potential for detecting weakly mutagenic compounds is thus suggested for the planar Ames
assay, although the current short 5 h incubation counteracts this.

3.2. Screening of Further Mutagenic Reference Substances

Slightly blue fluorescent signals of 4NQO were already observed in the bioassay
milieu in the absence of Salmonella cells and, thus, without metabolic activity (Figure 2);
however, the signals substantially increased in the presence of cells and showed a clear
signal difference and, thus, mutagenicity. Contamination with any microorganisms, which
could produce acidic metabolites and cause a pH shift, was excluded by heating, i.e.,
sterilizing (120 ◦C, 20 min), the plate before applying the positive controls.

Different amounts of standards were tested as positive controls [34], with and without
Salmonella strains TA98 and TA100. For the positive controls, CP, ENU, MMS, and 2NF, no
clear differentiation with and without cell treatment was possible (Figure 3). A possible
reason could be that the incubation time was too short (5 h compared to the usual 48 h).
Salmonella may require a longer incubation period to form revertants. The literature reported
4NQO as the most sensitive positive control for both Salmonella strains [34]. This might
explain why 4NQO yielded a positive response in comparison to the other mutagenic
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references. The positive control N4ACT revealed a yellow-blue color in the absence of both
Salmonella strains and only a slight increase when present. As the plate was pre-washed,
impurities on the plate were reduced, and this should have no impact.
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Figure 3. Comparison of five different mutagenic positive controls detected at Vis after the planar
Ames bioassay with (+) versus without (−) the combined S. Typhimurium strains TA98/TA100: ENU
(1–1000 ng/band), MMS (1–5000 ng/band), CP (0.2–100 µg/band), N4ACT (10–4000 ng/band), 2NF
(1–1000 ng/band), and 4NQO (1–1000 ng/band) detectable at 100 ng/zone. The planar bioassay
sensitivity was worse due to the short 5 h incubation time compared to the Ames MPF assay (48 h).

3.3. Application to Four Different Sample Categories Pointing to False Positives/Negatives

The planar Ames assay enabled direct detection of individual mutagenic compounds
in complex samples and a separation from matrix interferences. This is key in contrast to
the Ames MPF assay, which provides only a sum value and is prone to false negatives and
false positives. Different sample volumes of a perfume sample (1, 10, and 20 µL/band) were
analyzed. On the same chromatogram, 4NQO (0.1–1 µg/band) was applied as a positive
control above the solvent front. After performing the bioassay, the increasing volumes
of the positive control 4NQO showed increasingly yellow-colored and blue fluorescent
zones, which proved proper assay performance (Figure 4). In the HPTLC–Ames bioassay–
FLD bioautogram (+), mutagenicity was indicated because comparatively stronger blue
fluorescent sample zones were detected in contrast to the negative control chromatogram
(−). Mutagenicity was evident for all three sample volumes. The absorbance detection
was not as sensitive as the fluorescence detection, and it was masked by interference with
blue-colored matrix zones, which made the detection of any difference in the yellow zone
coloration between the HPTLC–Ames bioassay–Vis bioautogram (+) and the negative
control chromatogram (−) obsolete.

Two samples each of the four different categories, i.e., perfumes, teas, margarines, and
cosmetics, were analyzed using a respective sample volume (selected as exemplarily shown
in Figure 4) and mobile phase (as mentioned in Section 2.5). The positive control 4NQO
worked properly (Figure 5), showing yellow zones in the HPTLC–Ames bioassay–Vis
bioautogram (+) and blue fluorescent zones in the HPTLC–Ames bioassay–FLD bioau-
togram (+) in contrast to the negative control chromatogram (−). For all eight samples,
yellow or slightly yellow zones were detected in the HPTLC–Ames bioassay–Vis and blue
or red fluorescent zones in the HPTLC–Ames bioassay–FLD bioautogram (+), but no dif-
ference was observed from the negative control chromatogram (−). The yellow sample
zones in the negative control chromatogram (−) were explained by acidic compounds, i.e.,
matrix moieties decreasing the pH. Unfavorably, this was analogous to the detection of
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mutagenicity indicated by an acidic pH due to the active metabolism of reverted cells. This
revealed that the current low selectivity of the Ames MPF assay, which was transferred to
the planar format, easily caused false-positive responses for the analysis of mixtures. A po-
tential approach to mitigate false-positive responses of the Ames MPF assay is the removal
of interfering acidic matrix components through a targeted sample clean-up, e.g., using
liquid–liquid extraction or solid-phase extraction. However, such steps inherently risk
sample loss, including mutagenic compounds, potentially compromising assay sensitivity.
Alternatively, fluorescence- or luminescence-based detection may improve selectivity.
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Figure 4. Sample volume selection: different volumes of a perfume (1–20 µL) were developed on
the HPTLC silica gel 60 plate with cyclohexane–ethyl acetate 19:1, subjected to the bioassay with S.
Typhimurium (+) versus without (−), and detected at Vis and FLD 366 nm. In the HPTLC–Ames
bioassay–FLD bioautogram (+), comparatively stronger blue fluorescent zones at FLD indicated
mutagenicity, in contrast to the negative control chromatogram (−). In the respective Vis bioautogram
(+), detection was less sensitive and masked by interference with blue-colored matrix zones. Proper
bioassay performance was proven by the positive control 4NQO (0.1–1 µg/band), detected as an
increase in yellow-colored or blue fluorescent zones with increasing volumes.

A comparison between the Ames MPF bioassay and the developed planar Ames bioas-
say, both indicating mutagenicity, as well as the planar SOS-Umu-C bioassay indicating
genotoxicity, was performed (Table 1). It is estimated that the developed planar Ames
bioassay is currently due to the short 5 h on-surface incubation about 10 times less sensitive
for 4NQO compared with the in vitro Ames MPF bioassay. It is also less sensitive than the
planar SOS-Umu-C bioassay used for perfumes [33] and cosmetics [31]. Although the Ames
bioassay is well-established for assessing mutagenicity, its reliance on sample dilution to
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mitigate matrix effects when analyzing complex mixtures can lead to false negatives, as
potentially mutagenic compounds may be diluted below their detection limit. In addition,
there is no differentiation of mutagens from false positives and false negatives for the
analysis of complex mixtures.
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Figure 5. Analysis of two samples each of the four different categories (volumes as indicated)
on an HPTLC silica gel 60 plate developed with cyclohexane–ethyl acetate 19:1 (perfumes),
dichloromethane–methanol–ammonia 85:15:1 (herbal teas), and pentane–diethyl ether 8:3 (mar-
garines and skin creams). Proper bioassay performance was proven by the positive control 4NQO
(0.1–1 µg/band), detected as an increase in yellow zones with increasing volumes; however, for the
eight samples, no difference was observed between the HPTLC–Ames bioassay–Vis bioautograms
(+) and the negative control chromatogram (−). These planar bioutograms clearly demonstrate the
problems of the Ames MPF assay sum value result for the analysis of such complex mixtures with
no differentiation of false positives (fp; white/yellow-colored or blue-fluorescent zones) and false
negatives (fn; blue-colored).
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Table 1. The drawbacks of the Ames MPF bioassay for the analysis of complex mixtures recognized
during transfer to the planar Ames bioassay; for comparison, the planar SOS-Umu-C bioassay is
also considered.

Bioassay Advantages of Complex
Mixture Analysis

Disadvantages of Complex Mixture
Analysis

Ames MPF
(mutagenicity) None

Not usable for complex mixtures
Long incubation time (48 h)
Limited to single substances

Non-selective for acidic components
Prone to matrix effects

Dilution can lead to false negatives

Planar Ames
(mutagenicity)

Separation from matrix components
Selective detection of mutagens

About 10-fold lower sensitivity for 4NQO
Partially co-eluting acidic components

Planar SOS-Umu-C
(genotoxicity)

Separation from matrix components
High sensitivity and selectivity by

fluorescence detection
Fast analysis (3 h)

Requires devices for fluorescence detection

4. Conclusions
The in vitro Ames MPF bioassay in the microtiter plate format was successfully trans-

ferred to the planar bioassay format. It became evident that the currently widespread
and frequently used in vitro Ames MPF assay, which provides only a sum value result,
would mislead decisions made for samples containing acidic or colored matrix compounds.
Depending on the sample, matrix effects can be different and cause different false-positive/-
negative effects using the in vitro Ames MPF assay. It is essential to fundamentally recon-
sider and rethink the Ames MPF assay for the analysis of multi-constituent substances,
mixtures, or complex samples, as our study revealed drawbacks and limitations due to
the pH indicator endpoint lacking in selectivity. Integrated separation is the key to the
analysis of complex mixtures. The proper performance and functionality of the planar
HPTLC–UV/Vis/FLD–Ames bioassay was proven via the positive control 4NQO. The
incubation time was limited to 5 h due to zone diffusion, which explained its 10-fold worse
sensitivity for 4NQO compared to the Ames MPF assay (48 h). Further improvements in
sensitivity and selectivity of the planar Ames assay are essential to realize its full potential.
To increase the sensitivity, the incubation time could be extended when combined with
zone fixation to prevent zone diffusion. To increase the selectivity, the current suscepti-
bility to false positives could be avoided by the implementation of alternative detections,
such as fluorescence- or luminescence-based systems instead of the current pH indicator
medium. It is urgent to improve the planar Ames bioassay because it offers the advantage
of a more detailed analysis of complex samples due to the integrated sample separation
and, optionally, direct characterization of mutagenic compound zones by online elution to
high-resolution mass spectrometry.
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