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Ultraviolet (UV) filter compounds are the key constituents in sunscreens that protect human
skin from detrimental solar radiation. Some of these products have attracted public
attention due to claims of their potential negative impact on the environment, in
particular marine fauna and flora. At present, consumers who want to make an eco-
conscious decision cannot find suitable product details and need to rely on fragmented
information or complex scientific literature. The same is true for sunscreen developers,
typically formulation chemists, who at present can only work with black- and whitelists
which recommend or omit compounds. The ecological impact evaluation system
proposed in this publication makes it easier to choose UV filters. Selection is based
intrinsically on specialized knowledge which is built on environmental safety data. By
embedding this in an existing in-silico sunscreen design system, new products can be
created during the project’s design phase without time and cost intensive investigations. In
contrast to currently available methods, the proposed tool includes comparison with a
virtual market benchmark so users can determine whether a newly developed product will
be an improvement on the state of the art in terms of environmental compatibility. The level
of improvement can be displayed as a logo which has been designed to be immediately
understandable to consumers. The system can be re-adjusted in regular time frames,
depending on market development, to motivate and drive the sunscreen industry towards
more eco-compatible products.

Keywords: eco-friendly, market benchmark, persistence-bioaccumulation-toxicity approach, environmental
impact, UV-filter

INTRODUCTION

Humans love to expose themselves to sunlight, whether this means simply being outdoors, taking
part in sports or enjoying holidays in sunny locations. This desire to be in the sun is probably strongly
motivated by the mood enhancement that sun induces via different channels (Young et al., 2017).
However, there are also more beneficial effects such Vitamin D synthesis through ultra-violet B
(UVB) light (Reichrath, 2007), and a reduction in blood pressure (Neville et al., 2021). Unfortunately,
there is a downside to sun exposure. This is due to the presence of a small, but significant amount of
ultra-violet B (UVB) and A (UVA) radiation which causes long term tissue damage, leading to signs
of aging and raising skin cancer incidence (Leiter et al., 2020). Sunscreens provide one way to
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minimize exposure to UV irradiation while still enjoying benefits
such as Vitamin. D synthesis, which seem to occur even at lower
UV dosage (Neale et al., 2019; Neville et al., 2021), or benefits
triggered by visible light. They also have the potential to reduce
skin cancer and signs of skin aging (Pérez and Bashline, 2019).
Sunscreens are therefore a popular group of consumer products
and play a role in almost everyone’s life. Nonetheless, there is also
some resistance to using sunscreens–correctly, in sufficient
amounts, or indeed at all, (Portilho and Leonardi, 2020;
Vollhardt and Marchini, 2021), likely unconsciously triggered
by sub-optimal application features or fear on possible skin
reactions (Nash and Tanner, 2014). Sunscreen use can be
jeopardized further if bad press occurs linking potential
hazards to their main ingredients, namely the UV filter
compounds. Studies have been published postulating human
(Schlumpf et al., 2010; Abbasi, 2020) and environmental
hazards (Downs et al., 2014; Apel et al., 2018). A couple of
studies detecting man-made materials, including pharmaceutical
and agricultural actives (Molins-Delgado et al., 2018a; Molins-
Delgado et al., 2018b; Munz et al., 2018; Díaz-Cruz et al., 2019),
already exist. UV absorbing substances have also been found in
the environment (Barón et al., 2013; Tashiro and Kameda, 2013;
Ramos et al., 2016; Apel et al., 2018; Schneider and Lim, 2019;
Mitchelmore et al., 2021; Watkins and Sallach, 2021). The
occurrence of a material in the environment represents a
potential risk due to possible exposure. However, knowledge
of hazardous properties (adverse effect concentrations), or
details of mode of action (MOA) (Markert et al., 2020) are
needed to perform a detailed risk analysis and call for action
(Mitchelmore et al., 2021; Watkins and Sallach, 2021). Even so,
sometimes, political activity is initiated without further risk
evaluation (e.g., Hawaii ban of sunscreen filters (Hawaii,
Senate of State, 2018).

Environmental hazard data on UV Filters published in
scientific literature eventually reach consumers and, rightly,
make them concerned (Downs et al., 2021). As they are
unable to perform an expert risk analysis themselves, a typical
response is to apply the avoidance principle and not use
sunscreens at all to protect the environment. This may seem
like a successful approach to environmental risk management,
however, in the case of sunscreens, this leads to health risks for the
individual they had not considered e.g., a higher chance of getting
skin cancer. Therefore, an easy-to-understand environmental
impact score could help with making educated choices.

UV filters require regulatory approval for use in personal care
products or sunscreens, but different regions have different
approval processes (Pistollato et al., 2021; Sabzevari et al.,
2021). It is common for considerable efforts to be needed to
get a new compound approved as a UV filter for use in
sunscreens, particularly in the United States (US), where
sunscreens are regulated as over-the-counter drugs by the
Food and Drug Administration (FDA). Therefore, the number
of available registered compounds is rather low, and even lower
on a global basis due to regional differences in approval status.

Currently, a detailed environmental impact analysis is not a
direct part of the UV filter approval process for granting
permission for human use, nor it is part of the mandatory

safety report required in product information files (PIF) for
marketed products regulated by the European Cosmetics
Directive. (European Council, 2009). However, in the
European Union (EU), most materials used must be registered
under the regulation on Registration, Evaluation, Authorization
and Restriction of Chemicals (REACH, Council European
Parliament, 2006), a system which specifically considers this
topic and requires a significant set of data. Some authorities
(e.g., National Industrial Chemicals Notification and Assessment
Scheme, NICNAS/Australia, Danish Ministry of Environment
and Food) already collect and review current eco-toxicological
criteria for their own risk assessments (Mikkelsen et al., 2015).
Independently, but linked to cosmetic ingredient regulation
(Pistollato et al., 2021), a chemically produced compound for
use in the EU needs to be registered in accordance with the
REACH directive managed by the European Chemical Agency
(ECHA). The purpose of this process is to identify and declare
potential risks and hazards that may require corresponding
declarations (Council European Parliament, 2008). In this
context, environmental data are requested for the evaluation of
environmental impact. Furthermore, registered substances may
also undergo reassessment if the authorities, a member state, or
an applicant request this. The Community Rolling Action Plan
(CoRAP, based on Article 44 Materials and Methods REACH
directive (ECHA, 2021) was initiated for this purpose. It is
noteworthy that substances on this list are primarily due for
re-evaluation for a range of reasons. e.g., wide-spread use. After
evaluation, depending on the results, adjustments to permitted
use may be made. Currently 31% of approved UV filters in the EU
are on the CoRAP list (Status: 9 out of 29, October 2021)
underlining the visibility and importance of this substance class.

These regulatory requirements have generated an extensive set
of environmental data for UV filters which can be used to assign
an environmental score. Knowledge and data on the
environmental impact of materials will likely continue to grow
even further in the coming years of research, leading to an
increased level of detail and, as an outcome, more complexity
around this matter. This calls for a robust evaluation scheme
based on widely accepted endpoints, and that connects and
condenses data in a transparent way and can be extended to
harbor further endpoints.

There have been previous attempts to create product scores
based on environmental data. Long et al. (2006) published a
system that first utilized aqua toxicity and biodegradability
together with a couple of other parameters to form an
evaluative parameter. Human data also played a role in this
system, although in the case of UV filters this is generally
covered by the registration process already. Later, Predale
et al. (2017) introduced a system based on the three
parameters of aquatic toxicity, biodegradability and
persistence, similar to the Persistence, Bioaccumulation and
Toxicity (PBT) concept utilized by the ECHA (Council
European Parliament, 2006). A similar approach, dedicated to
UV filters, has also been taken by Pawlowski et al. (2020). All
these systems create a score that has some absolute character and
a scale that does not start at zero impact. It is possible now to
compare different products to each other. Nevertheless, even the
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score for the best sunscreen possible would still communicate an
environmental impact to the consumer, which could perhaps
suggest to them that the optimal point of zero impact is using no
sunscreen. Regarding potential health protection, this outcome is
undesirable in a group of products that already meets with
resistance and compliance from consumers.

Therefore, it would be beneficial for the creators of
sunscreens, the formulators, to have a characterizing
parameter that scales with a single parameter for a
sunscreen formula’s eco-compatibility, thus establishing a
minimum regarding environmental impact. This parameter
should be created with open access and be automatically based
on the individual contributions of different UV filters,
removing the need for a detailed, manual environmental
risk analysis each time. Additionally, it is necessary to
communicate this complex matter to consumers adequately
and in an easy-to-understand way, so that they are motivated
to use sun protection.

MATERIALS AND METHODS

Translation of Substance Related
Eco-Endpoints Into Absolute Eco-Scores
for UV Filters and Sunscreens

1. Determination of the Environmental Friendliness of
UV Absorber and Sun Protection Products
Rating systems, also proprietary versions, have been created
previously (Long et al., 2006; Predale et al., 2017; Pawlowski
et al., 2020). However, these systems do not have a benchmarking
concept, meaning that their scores have absolute characters, and
product designers and end consumers need to be taught the
scoring system and scale with the above-mentioned
disadvantages.

In our proposed novel approach, first, each UV filter is
analyzed individually based on standardized eco-toxicological
relevant data (Figure 1), delivering an Eco impact score for
each substance (blue box, Figure 1). In the second step, to
rate the overall impact for a sunscreen composed of several
UV filters, each individual UV filter score is weighted

according to its concentration (User data, Orange box in
Figure 1) and then summarized to yield a sunscreen eco-
impact score (Green box, Figure 1). In the final and essential
third step, this finding is further correlated to a virtual average
sunscreen eco-impact score per sun protection factor (SPF)
category, created from hundreds of currently available
commercial products. The virtual average represents the
current state of sunscreens on the market. By comparing the
individual sunscreen eco-impact score with the corresponding
market average, an easy-to-understand categorization in seven
classes can be established.

The REACH registration dossiers at ECHA served as our
source of eco-data. Most of these data are publicly available. The
ECHA is an EU authority that regulates the technical, scientific
and administrative aspects involved in the registration, evaluation
and approval of chemicals in accordance with Regulation No. EG
1907/2006 of December 18, 2006 (Council European Parliament,
2006).

The environmental impact of chemicals is also part of the
assessment (ECHA, 2017). Substances are evaluated according to
their impact in terms of persistence (inverse: biodegradability),
bioaccumulation and toxic effects in certain selected species. The
aim is to identify persistent (P), bio accumulative (B), toxic (T)
and very persistent (vP) or very bio accumulative (vB) properties
of chemicals. This regulatory classification can lead to the
designation “PBT” or “vPvB” (very persistent, very
bioaccumulative) for the respective substance, if all three
categories are assessed as being applicable. Due to this
quantity-dependent, mandatory notification and the resulting
classification, extensive data sets exist both for registered UV
filters and other materials. These data have been created through
generally recognized, standardized and validated test systems
such as the Organisation for Economic Co-operation and
Development (OECD) guidelines collected (e.g., OECD
309 OECD, 2004) in the corresponding dossiers at the ECHA.
Additionally, reliability information is given in line with the
system proposed by Klimisch et al. (1997).

Based on these ECHA data sets, we analyzed the UV absorbers
individually within the three parameters of Persistence,
Bioaccumulation, and species relevant Toxicity–without the
intention to generate a regulatory PBT/vPvB classification for
the chemical.

FIGURE 1 | Flow chart for the in-silico formulation evaluation, UV Filter evaluation, Filter composition and supporting market data relevance estimation-leading in
combination to Eco classification and corresponding Ecolabel.
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P-Parameter: Biodegradation/Persistence
B-Parameter: Bioaccumulation
Relevant T-Parameter: Toxic effects
• On fish with short term exposure (Acute Tox Fish)
• On fish with long term exposure (Chronic Tox Fish)
• On invertebrates with short term exposure (Acute Tox
Invertebrates)

• On invertebrates with long term exposure (Chronic Tox
invertebrates)

• On algae, water plants (e.g., Lemna gibba)
• On microorganisms (e.g., measured by their oxygen
consumption) during exposure

Although the data set currently available is sufficiently complete,
new findings can easily be incorporated into the system for fine
tuning. When accepted and validated methodologies have been
developed, data - e.g. on gammarids or corals - can be included.
We suggest including parameters such as confirmed endocrine
disruption activity, specific environmental hazard classifications
(e.g. Category Acute/Chronic 1) or substance hydrolysis and/or
solubility information as modifiers for the classification. Research
data generated using methods that have not been harmonized and
properly validated are currently excluded. By way of example, as no
European Centre for the Validation of Alternative Methods
(ECVAM) validated/approved method for the effect of chemicals
on corals currently exists, these publications are not yet included.
OECD guidelines or respective precursors are the chosen documents
for all evaluations as they allow direct comparison of results from
different sources or applicants. Consequently, and due to evaluation
complexity, toxicological publications using different, modified
determination setups and methods are disregarded (e.g., Fastelli
and Renzi, 2019; He et al., 2019). In such cases the comparability or
transfer of measured endpoints is very complex or even not possible.
When validated methods are established and new datasets become
available, this can be addressed, and they can be integrated into the
system through a system update.

Each parameter has been awarded 100 points and the
maximum number of points achievable is set to 100. We use
a weighting between the PBT parameters of 20:20:60. The
highest weighting is given to the toxicity endpoints, as these
are most important and most relevant. Nevertheless, focusing
only on toxicity may disregard materials that are known to be
unstable in the environment and would not lead to issues, due to
their fast disappearance. Therefore, Biodegradation in
combination with the test item’s solubility is addressed in
case chronic exposure evaluations are missing (See Table 2
and explanations).

Scoring in Detail
P-Parameter. The maximum number of points for persistence
can be 20, if the ingredient is considered “rapidly biodegradable
(readily biodegradable).” 10 points are awarded if the substance
is considered “inherently or ultimately biodegradable.” A score
of 0 applies for “non-biodegradable” chemicals (Table 1); no
further interim values are intended in the P-Parameter. The
assessment of biodegradability properties of a substance is
strongly dependent on the OECD method used. A substance
that has already been evaluated using OECD 301/302 (OECD,
1992) studies may not show any degradation, but can still be
considered biodegradable defined by OECD method 307–309.
In such situation the latter study is used for the rating (OECD,
2004). In one special case, additional bonus points are granted,
even if the substance is not readily biodegradable on one side
(based on OECD criteria) but is rapidly hydrolyzed (half-life of
less than 10 days). In this case, e.g., Homosalate, the ingredient
is awarded 10 points (half of the maximal score P-Parameter).

Should there be no reliable data, the score is set to zero. Half
the maximal score may then be allocated, but only if an acceptable
alternative method–such as a non-OECD/ECVAM validated test,
a reliable Quantitative Structure-Activity Relationship (QSAR)
assessment, or sound data bridging–has been applied. Examples
include missing studies on Homosalate with bridging to

TABLE 1 | Points in the P-Parameter evaluation.

Evaluation result P-Parameter (P) Points

“Readily biodegradable” 20
“Readily biodegradable” criteria and accepted OECD test not completely fulfilled (e.g., did not pass the 10-days window) 10
“Inherently or ultimately” biodegradable 10
“Not biodegradable” according to OECD parameters/ or no/insufficient data available 0
Chemical is regarded as “not readily biodegradable,” but shows very fast hydrolysis (half-life of <10 days) 10

TABLE 2 | Overview of specific data set situations to take solubility and incomplete OECD datasets into account.

Solubility of Absorber Result Parameter P
Biodegradation

Result Parameter T
Acute Tox testing’s

Chronic test/Chronic result Score for Acute +
Bonus

Oil Readily biodegradable Negative/no effects No dataset 10 + 2.5
Oil Not readily biodegradable Negative/no effects No dataset 10 + 0
Water Independent of Biodegradation results Negative/no effects No dataset 10 + 5
Oil or Water Readily/not biodegradable Negative/no effects Chronic test: negative/no effects 10 + 10
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Ethylhexyl salicylate (EHS), or QSAR modelling for replacing
chronic invertebrate testing in the case of Dibutyl triazine (DBT).

B-Parameter. The maximum number of points for
bioaccumulation - 20- is awarded for a substance that is
regarded as “not bioaccumulative” (Bioconcentration factor,
BCF < 2000), and 10 points are assigned if the “considered”
not bioaccumulative” claim is based on in-silico evaluations or
physical/chemical property argumentation, without experimental
measurements. Zero points are given if the ingredient is
considered bioaccumulative or no data exists. Similarly to
above, if data is available from an acceptable alternative
method (e.g., non-OECD/ECVAM validated test), half the
maximal score can be allocated.

T-Parameter. For the Toxicity criteria, six toxicological endpoints
representing key indicator species for the aquatic environment
are considered (see above) and a maximum of 10 points per
parameter is awarded for each endpoint.

Substances classified as “not toxic” in the test system will
receive the highest score of 10 points. Substances that are
considered “potentially not toxic” in the test setup based on
weight-of-evidence approaches, in-silico evaluations, related
hazard assesments, or data bridging with a homologous
substance, will be awarded 5 points. Substances that are
“toxic” score zero points. Penalties apply based on additional
information, such as confirmed endocrine disruptive effects based
on experiments listed in the OECD Guidance (OECD, 2018) or
regulatory classifications (e.g., acutely/chronically toxic for
aquatic organisms class 1 according to CLP EG 1272/2008
(Council European Parliament, 2008). In such cases, the
deduction for each is 5 points.

Preferably, all environmental and toxicological endpoints used
in the assessment are based on and determined by the related
OECDGuidelines. If this is not the case and/or the data collection
is deemed “not reliable” [evaluation according to Klimisch et al.
(1997)], or reference is made to a related molecule (structural
bridging), or the evaluation is done exclusively by means of
computer modelling (in-silico, QSAR), a deduction of 50% is
applied to reflect this situation.

Ideally, full OECD data sets are available for all six
toxicological endpoints. The solubility characteristics of a
substance can interact with the T-Parameter assessment.
Special cases are represented by the lack of chronic datasets
under certain circumstances. Chronic ecotoxicity data for water
soluble substances may not be available, as–according to the EU
REACH Regulation (Council European Parliament, 2006)–
testing for chronic ecotoxicity endpoints can be waived if
the chemical safety assessment indicates “no risk” based on
existing acute data. Acute ecotoxicity data has often been
generated in the past using concentrations above the water
solubility of the substance, whereas chronic evaluations may
have been performed with concentrations near the water-
solubility values. The rules shown in Table 2 apply in those
cases where a UV filter is classified as “readily biodegradable” or
regarded as “water-soluble”. If a substance is water soluble, bio-
accumulation is less likely to appear, and the acute data receives

a slightly higher weighting. A biodegradable substance is not
expected to remain in the aquatic environment for a long
period of time, also resulting in a adapted weighting of the
acute data. An expample for this is the readily biodegradable
UVB filter Ethylhexyl salicylate (EHS). Some specific
combinations have been defined in Table 2.

For example, if a water-soluble substance shows no effects for
acute toxicity (fish and invertebrates) and no data on chronic
exposure are available, the score is upgraded by +5. The
reasoning is that within a water-based test setup, the
information weight of an acute study of a water-soluble
substance is higher than for a similar study of an oil-soluble
substance. The reliability, having exposed the organisms to the
test item in the correct way (aspired test concentration), is higher
compared to a poorly water-soluble ingredient. In addition,
bioaccumulation of the test substance also has a lower
probability. Similarly, a lower bonus is allocated if chronic
exposure data for oil-soluble UV filters are not available, but the
substance is considered readily biodegradable. In this case, provided
that the available toxicological data do not show negative effects, an
additional 2.5 points are counted for acute toxicity (fish and
invertebrates). In a case where an oil-soluble substance is found
to be not biodegradable and no chronic data is present, this is
treated as a simple “missing dataset,” resulting in 0 points for
chronic toxicity without any additional scores. Again,
ideally–independent of the test substance’s solubility–acute and
chronic OECD tests will have been performed. If both show no
effects, each biological endpoint will receive the maximum 10
points. Generally applicable for all included parameters–in case
interpretation is based on weight of evidence (e.g., two or more
datasets from various sources with different reliability scores are
assessed together) or only tendencies towards endpoints–scoring
can be gradational, in steps of 2.5 (e.g., at the T-parameters 0, 2.5,
5.0, 7.5, and 10). For example, bridging a test substance to a
structural homologue with no effect in the T-parameter, can
only deliver a maximum score of 5. If the bridging in this
hypothetical case is classified as “not reliable,” a maximal 50% is
assigned-so the score would be 2.5.

2. Sunscreen Eco-Scores Containing a Mix of UV
Filters
The environmental impact of the UV filter is assessed by adding
up the number of points awarded within each evaluation criteria
(Sum of points, SP). To transfer this to the individual
environmental impact (EIi), each sum of points needs to be
subtracted from the maximum possible value of 100. The
choice of filters and their usage concentration create the
efficacy (e.g., SPF) of the sun protection product. In
Toxicology the dose response relationship is a key element
(Grandjean, 2016). Present amounts are also a key parameter
required in most toxicological evaluations, e.g., generating values
for the Threshold of Toxicological Concern (TTC) (Committee
et al., 2019), or calculating the margin of safety (MOS) as an
essential part of the safety evaluation of finished consumer
products described by the Scientific Committee for Consumer
Safety (SCCS) (Bernauer et al., 2021). In the MOS evaluation of a
cosmetic ingredient, the used concentration and the expected skin
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permeation behavior are correlated and set in relation to existing
toxicological endpoint animal data. Similarly, for environmental
evaluations, environmental monitoring data and effect-
concentrations are crucial (Backhaus and Faust, 2012; Markert
et al., 2020). A strong dilution effect can be expected in the
environment that results in isolation of the individual substances
from initial mixtures. Therefore the used approximation of a
linear additive effect might be realistic for the UV filter substances
(Heys et al., 2016). With selections of different filters, individual
environmental impact values are therefore multiplied with their
corresponding usage concentration (ci) in the selection to
emphasize the significance of usage concentration for
environmental effects. This delivers the UV filter’s total
combined environmental impact (EIc) as shown in Eq. 1:

EIc � ∑
i

i�1
(100 − SPi)pci (1)

EIc: Environmental impact of UV absorber composition.
SPi: Sum of points of UV absorber (i) in the formulation.
ci: Individual concentration of UV absorber (i) in the

combination.
i: Number of UV absorbers in the sun protection

combination.

The EIc value as defined above is independent of the sunscreen
product’s performance. Naturally low SPF products need less UV
filter content and will therefore have a better EIc score–but they
do not protect as effectively as products with a higher SPF.
Moreover, there will be no sunscreen that has an EIc score of
zero. This may suggest to consumers that it would be better to
adopt an avoidance principle and not use sunscreen at all;
ignoring the detrimental health effects that such behavior may
cause. Furthermore, it requires training to comprehend the
meaning of EIc. We therefore introduced a relative parameter
that also links to the sunscreen’s performance. To do this we
connected the EIc with the SPF by using the SPF classes as defined
in the EU (Comission European, 2006), e.g., SPF 30 or 50 or 50+.
This requires either a formula’s claimed SPF or an SPF calculated
with an in-silico tool (such as the DSM SUNSCREEN
OPTIMIZER™). Together, this yields the “SPF class” of the
formula and its EIc., which then needs to be compared to the
average EIc for that SPF class to obtain a relative parameter.

Ideally, to calculate a SPF-specific, market-average, eco-impact
score, compositional information on SPF claims needs to be
known for many products on a defined market, e.g., Europe.
Unfortunately, such information is not available in the public
domain. To overcome this difficulty, we used ingredient
information for >1,000 products launched in the EU between
January 2016 and October 2019. We created a read out algorithm
to generate such data automatically and used the results to feed
the DSM SUNSCREEN OPTIMIZER™ with sunscreen active
ingredients individually. An automated in-silico optimization
algorithm then estimated the most likely composition to
receive a product’s reported SPF claim and its eco-impact
score. By inputting several hundreds of products analyzed by
this method, we arrived at an EIc distribution per SPF class and set
the median to define the market “average” (see Table 3 and
Figure 2).

The intrinsic values of individual market products-
standardized per SPF category for environmental compatibility
of the combination of UV filters (EIc)–were calculated using
Eq. 2.

EIcs � ∑
i

i�1

(100 − SPi)pci
SPFLabel category

(2)

EIcs: Standardized environmental impact of UV absorber
composition.

SPi: Sum of points of UV absorber (i) in the formulation.
ci: Individual concentration of UV absorber (i) in the

combination.
i: Number of UV absorbers in the sun protection

combination.
SPF Label category: EU SPF category as defined in Table 3.

For each SPF class, this yields both the median eco-impact and the
distribution eco-impact for all sunscreen products included-
which in our case follows a log-normal distribution. From this
distribution, seven impact classes can be defined as shown in
Table 4. Figure 2 represents the log-normal distribution with a
global median in the middle of class C and D, and the Histogram
in Figure 3 shows the corresponding frequency of samples used.
This median defines the benchmark for comparing all products
analyzed and classified.

3. Classification Visualization
A relative classification will enable our industry to strive for the
most eco-compatible sunscreens and sunscreen market in
general. However, this will only be successful if consumers
understand and accept the concept. Therefore, it is important
to communicate to consumers in a quick and easy-to-
comprehend way that does not require in-depth background
knowledge. Other industries have already used graphical
symbols with a red to green, truncated rainbow color system.
To the best of our knowledge, no approach based on existing
commercial references has yet been established for cosmetic,
medical, or pharmaceutical products. For consumers to benefit
it is essential that they recognize and understand the main
information. The system we propose is therefore based on
efficiency categories which are allocated a letter from A to G

TABLE 3 | Categories of sun protection products, their respective labels, and
measured SPFs according to European legislation.

Labelled category Labelled sun protection
factor SPF category

Measured sun protection
factor (in-vivo)

Low protection 6 6–9.9
10 10–14.9

Medium protection 15 15–19.9
20 20–24.9
25 25–29.9

High protection 30 30–49.9
50 50–59.9

Very high protection 50+ ≥�60.0
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and a corresponding color on our gradient from green (A) to red
(G). This is shown in Figure 4.

Exemplary filter combinations (Combination 1–6) with SPF
25, 30 and SPF 50 + are shown in Figure 5with related calculation
steps embedded. The colored parts represent the actions (ci,
concentration input by the user, orange) and values (e.g., SPi
with corresponding individual impact EIi, blue and filter
combination impact EIc, green) within the methodological
flow (Figure 1). Combinations 1 and 2 have an overlap in
filter composition, but differences in used concentrations.
These differences result in distinct SPF categories (SPF 50+
and SPF 30). Filter combination 3 demonstrates that it is
possible to generate the same protection efficacy in the form
of sun protection factor with a different UV Filter combination.
However, the calculated eco-impact is higher compared to Eq. 2.
Formula 3 also needs 6.1% more UV filter content to achieve a
similar SPF and is therefore less favorable. Combination 4 and 5
demonstrate similar situations for the SPF 25 category. The 6th
combination of UV filters is an example where in-vivo SPF data
(SPF � 60) already exists and has been manually entered in the
system. In such a case, the in-vivo results overrule the calculated
SPF of 59.1 resulting in a change in SPF category (SPF 50 to SPF
50+) and consequently to the use of a different market
benchmark.

The sum of points (SPi) generates the correlated impact (100-
SPi) which is multiplied with the ingredient concentration. The
sum of all filters generates the environmental impact of the
composition (EIc). For simplicity, the EIc is divided by a factor
of 100 resulting in the compositional eco-impact value returned
by the tool. This value is instantly compared with the dataset of
the corresponding SPF class. In the case of Eq. 1, the EIc of 5.99
corresponds to the best 9% (see Figure 2) and is therefore rated as
Eco-Class A.

By way of example, two distinct combinations for a product in
the SPF 25 category are shown as formulations 4 and 5. Once
again, this example shows that products with the same protection
efficacy for UVB irradiation (SPF Rating 25) could display
extreme differences when it comes to environmental impact.
This is due to the different individual UV absorber points in
the first part of the evaluation. In the second part, the eco-impact
of Combination 4 is much lower compared to the chosen filters in
Combination 5–2.50 and 8.54 respectively. Our eco-impact scores
are simple numeric values that make it possible to compare the
two formulations. For consumer communication, the half-clock
system at the bottom of each column illustrates the marked
difference. Not only is the specific formulation in
Combination 5 less favorable from an eco-score perspective,
but additionally, more UV Filters were needed to achieve the
same performance (25.3% instead of 14.0%). Our example
illustrates how a formulator can use this system to experiment
with different formulation designs and evaluate them against each
other before progressing to actual laboratory work. Furthermore,
using this system, which has been newly implemented into the
DSM SUNSCREEN OPTIMIZER™, UV absorbers can be easily
combined and selected, not only according to different
parameters for sun protection performance, oil load and cost
level, but for ecological impact as well.

DISCUSSION

Sunscreens have a widespread use. Although theirmain constituents,
the UV filters, need to comply with various regulations which
involve data-intensive evaluations, concerns and mistrust about
the safety and environmental compatibility of these products
have built up on the consumer side. The safety of UV filters is
already amply evaluated by independent bodies, however, such data-
intensive analyses are not explicitly addressed at consumers. For
example the SCCS proposed methodology for the safety evaluation
of personal care products (Bernauer et al., 2021) takes exposure and
potential effects on humans into account. The process assumes a
non-synergistic or antagonistic interaction of ingredients, a
limitation that is likely to cover most cases. Nevertheless, it is an
approximation awaiting more granularity in the future. This
approach is also intrinsically embedded into the official approval
process for UV filters, however, as such, it is not communicated to
consumers who remain unaware that the ingredients and the final
product has undergonemandatory evaluations before it arrives at the
point of sale. Moreover, this approach does not assess potential
environmental impact. To address the issue of communication on
environmental compatibility, we created the tool described above.

FIGURE 2 | Suggested ECO Class classification ranges; Eco Classes
generated on market analysis clustered in contribution of respective SPF
reference group and related EIcs classification ranges.

TABLE 4 | Eco class definitions.

Eco class Market products contribution
in %

Classification
ranges (EIcs)

A Best 9% ≥0.0 ≤9.7
B Next best 16% ≥9.7 ≤11.9
C Next best 25% ≥11.9 ≤15.5
D Next best 25% ≥15.5 ≤21.1
E Next best 16% ≥21.1 ≤28.6
F Next best 7% ≥28.6 ≤35.8
G Weakest 2% ≥35.8 ≤ —
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This then led to our creating information graphics to support
consumers in choosing the most appropriate products. Sunscreen
developers can use the tool for preselection at laboratory scale,
including direct correlation with market benchmarks.

At present, our tool only covers UV filters in a sunscreen,
which from a mass perspective account for more than 50% of
non-volatile (water, ethanol) additional ingredients. It also
includes those ingredients currently receiving most attention
and concern, particularly since the Hawaiian ban (effective
January 2021) on sun products containing Benzophenone-3
(Oxybenzone) and Ethylhexyl methoxycinnamate (Octinoxate)
(Hawaii, Senate of State, 2018) was announced. Nevertheless, it
can be opened to include more ingredient categories in the future,
working towards a whole formula evaluation. The interaction
between persistence, bioaccumulation and toxicity (P, B and T) is
still the cornerstone of assessing environmental compatibility and

represents an ideal starting point for creating a score, as others in
the past have used those criteria (Long et al., 2006; Predale et al.,
2017; Pawlowski et al., 2020). The aquatic system is an important
pathway for environmental entry of UV filters (Posthuma et al.,
2020; Mitchelmore et al., 2021) and therefore different exposure
scenarios and toxicological parameters (e.g., soil related toxicity
testing) are not included in the current version of the tool. In
principle, however, these could be added at a later stage.

The tool assumes that individual components have a linear,
additive, and concentration-dependent impact on the
environment, an approximation likely to fit most cases, however,
it does not include any synergistic or antagonistic interactions that
could also occur (Markert et al., 2020). At present, this is the best
approachwe have to carrying out analysis, but to further improve the
accuracy of predictions, such factors could be incorporated into the
tool should they become assessable.

FIGURE 3 | Histogram showing frequency of samples with different standardized Eco Impacts (EIcs) from the market analysis.

FIGURE 4 | Label “Environmental compatibility of a sunscreen,” the visuals as used in the DSM SUNSCREEN OPTIMIZER™
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Environmental compatibility continues to be an important
and hot topic for sunscreens. Consumers want to make the right
choice, but the information they need to make an educated
decision is often fragmented and complex. Furthermore, they
lack the in-depth, expert knowledge required to understand the
results of vast scientific studies in any meaningful way. Here, we
propose a system that condenses all available data–based on
OECD guideline conformance studies–into a score and
compares this score to a market benchmark for each SPF
class. For an eco-symbol, we suggested a graphical clock type
figure: there is a very high density of information behind this
symbol, but it is instantly understandable. With an online
application, the DSM Sunscreen Optimizer, eco-classifications

can be calculated either from the composition of existing
sunscreens or during the development and design phase for
new sunscreens. The advantage of this eco-classification is its
intrinsic power to push our sunscreen industry towards even
more eco-friendly formulas and new innovations in sun care,
supported by the buying decisions of the consumer. This system
can demonstrate a strong commitment to the environment.
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FIGURE 5 | Example of UV filter combinations and calculation values leading to the creation of an Eco impact value and corresponding classification. (Abbreviations
used: see below), Inserted Table: Blue box show values related toEq. 1, Orange Frame: User input / concentration of individual UV Filters, Green box: EIc-Result used for
classification according to Eq. 2.

Abbreviation International nomenclature of cosmetic ingredient, INCI US Name

EHMC Ethylhexyl Methoxycinnamate Octinoxate
EHS Ethylhexyl Salicylate Octisalate
EHT Ethylhexyl Triazone Octyl Triazone
HMS Homomenthyl Salicylate Homosalate
OC Octocrylene Octocrylene
PBSA Phenylbenzimidazole Sulfonic Acid Ensulizole
BP-3 Benzophenone-3 Oxybenzone
BMDBM Butyl Methoxydibenzoylmethane Avobenzone
BEMT Bis-Ethylhexyloxyphenol Methoxyphenyl Triazine Bemotrizinol
MBBT Methylene Bis-Benzotriazolyl Tetramethylbutylphenol Bisoctrizole
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