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Excessive UV exposure leads to several skin pathologies such as sunburns, photoaging and carcinogenesis.
Currently, sunscreen use is the most important factor in protecting skin from photoinduced damage. Octinoxate
is a commonly used UV filter, but its use has become controversial because it acts as an endocrine disruptor in
both humans, and marine animals. Research has relied on biotechnology, structure activity relationship (SAR)
studies and combinatorial chemistry to find new and less toxic UV filters. However, there are no current ex-
amples that describe the possible applications of in silico techniques for obtaining these compounds. Thus, this
project sought to design an octinoxate analog that could be used as a less toxic, but equally effective, photo-
protective alternative through ligand based virtual screening (LBVS). We designed 213 novel molecules based on
the (E)-cinnamoyl moiety of octinoxate, but only 23 were found to be less toxic than the parent compound. Then,
an artificial neural network (ANN) based model was built to predict the molar absorptivity of those 23 molecules,
and the molecule that presented a similar molar absorptivity to that of octinoxate was chosen for synthesis
(analog 4, 3-phenylpropyl (E)-3-(4-methoxyphenyl)acrylate).

Synthesis for analog 4 resulted in a 90% yield, and its photoprotective properties, lipophilicity and cytotoxicity
were then evaluated. Analog 4 absorbed UV radiation in the range of 250-340 nm, and it presented a molar
absorptivity of 36,155 M ~ em™. Its lipophilicity was evaluated with RP-HPLC resulting in a logy, of 2.49 and
its LCsp was greater than octinoxate’s (67.41 nM vs. 45.67 nM). Therefore, results showed that ligand based
virtual screening is an effective strategy for the development of new organic UV filters, because it guided the
design of less toxic analogs and pinpointed the most likely analog to exhibit UV properties similar to those of
octinoxate. In this case, analog 4 is a promising alternative to its parent compound since it proved to be more
effective and less toxic.

1. Introduction

Sunscreens are pharmaceutical products designed to help protect the
skin against damage caused by UV radiation, such as sunburns, skin
cancer and photoaging (Flavia et al., 2022). These products are made of
UV filters that can be classified into two main categories: inorganic fil-
ters (e.g. zinc oxide, titanium dioxide) reflect the sun’s UV radiation,
while organic filters absorb it (e.g. cinnamates, salicylates) (Ruszkie-
wicz et al., 2017).

Octinoxate is a cinnamate derivative commonly used as a UVB filter
in sunscreens and a variety of personal care products. However, recent
studies have shown that this compound is an endocrine disruptor in both
humans and animals, and that it directly contributes to coral bleaching
(Gunia-Krzyzak et al., 2018; Siller et al., 2018). Currently, its use has

been restricted in coastal areas around the world such as Hawaii, Flor-
ida, Indonesia among others, due to its detrimental effect on coral reefs
since these ecosystems are worth between 30 and 375 billion USD
(Raffa et al., 2019). Additionally, these restrictions directly compromise
the pharmaceutical industry since products with octinoxate are highly
lucrative (Ridder, 2020a; Ridder, 2020b). Therefore, it has become
important to search for less harmful UV filters that also offer similar
photoprotection properties as those on the market, in order to replace
these harmful molecules without compromising client’s adherence to
sunscreen products (Levine, 2020).

Current research has relied on expensive and time-consuming stra-
tegies namely biotechnology, SAR studies and combinatorial chemistry
to search for new UV filters (Padinka, 2018; Promkatkaew et al., 2014;
Popiol et al., 2021). Thus, this project sought to explore the possibility
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that ligand-based virtual screening can provide a cost-effective alter-
native strategy for the discovery of these molecules. In this case, ligand
based virtual screening was first used to design a series of less ecotoxic
octinoxate analogs, and then used to select the analog with the greatest
chance to exhibit suitable photoprotective properties. Afterward, the
best candidate was synthesized, and its physicochemical and cytotoxic
properties were evaluated in order to study the effect of the structural
modification on the performance of the analog as a promising UV filter.

2. Materials and methods
2.1. Development of octinoxate analogs

First, octinoxate analogs were designed using the LAZAR Toxicity
Predictions software (Maunz et al., 2013) which allowed the charac-
terization of the analogs’ toxicity profile via Ligand-Base Virtual
Screening (LBVS) using a regression type model to predict acute toxicity
(LCso) in Daphnia Magna (training set = 546 compounds, max R% =
0.785) and Fathead Minnow (training set = 580 compounds, max R? =
0.506), and a classification type model to predict carcinogenicity in
mouse (training set = 980 compounds, max R? = 0.782). This allowed
the identification of those analogs with a safer toxicity profile than
octinoxate.

Then, in order to choose which analogs to synthesize, a suitable
training set (commercial UV filters with an (E)-cinnamoyl moiety) was
first selected from the literature. Next, the structures of the training set
and the analogs were optimized in Avogadro employing the MMFF94s
forcefield and the Steepest Descent algorithm with four steps per update
(Avogadro, 2018). Afterwards, the PaDEL software was used to calculate
52 molecular descriptors associated with the absorption capabilities of
these molecules (Yap, 2011).

Then, the correlation between the molecular descriptors and molar
absorptivities of the training set was explored using the INQA artificial
neural network (Guevara-Pulido et al., 2022). The prediction of the
molar absorptivities of the analogs with safer toxicity profiles was per-
formed after carrying out a systematic analysis to identify the number of
nodes and the number of molecular descriptors that resulted in the best
R? value, the closest to 1. Analogs that exhibited a safer toxicity profile
than octinoxate, and a similar molar absorptivity value (calculated with
an ANN-based prediction model) were the most promising candidates
for synthesis.

Table 1
Toxicity profile of the most promising candidates and octinoxate according to
LAZAR Toxicity Predictions (Maunz et al., 2013).

Candidate Structure  LCsp LCso Carcinogenicity in
D. magna F. minnow mice

Octinoxate 0.007 mM 0.143 mM Positive
1 0.110 mM 0.325 mM Negative
2 0.011 mM 0.185 mM Negative
3 0.011 mM 0.605 mM Negative
4 0.011 mM 0.440 mM Negative
5 0.007 mM 0.397 mM Negative
6 0.256 mM 0.233 mM Negative
7 0.019 mM 0.270 mM Negative
8 0.048 mM 0.303 mM Negative
9 0.047 mM 0.305 mM Negative
10 0.014 mM 0.317 mM Negative
11 0.012 mM 0.245 mM Negative
12 0.027 mM 0.257 mM Negative
13 0.043 mM 0.433 mM Negative
14 0.010 mM 0.308 mM Negative
15 0.256 mM 0.327 mM Negative
16 0.007 mM 0.511 mM Negative
17 0.028 mM 0.540 mM Negative
18 0.013 mM 0.388 mM Negative
19 0.012 mM 0.453 mM Negative
20 0.014 mM 0.321 mM Negative
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2.1.1. Synthesis of most promising analogs

Synthesis was accomplished using 2,2,2-trichloro-1,1-dimethylethyl
chloroformate as the carboxylic acid activation agent. Carboxylic acids
were activated for 30 min using DCM as the reaction medium, and then
the alcohol was added for the subsequent esterification of the acid.
Esterification was qualitatively followed by TLC, the purification of the
esters was carried out by normal-phase chromatography using hexane
and isopropyl alcohol (20:1) as the mobile phase, and characterization
of the analogs was done by H-NMR (400 MHz) and CI3.NMR (100
MHz).

Spectra were recorded in CDCl3 or acetone-d6. Chemical shifts for
protons were reported in ppm using tetramethylsilane as internal
reference. Carbon chemical shifts were reported in ppm using tetrame-
thylsilane and are referenced to the carbon resonance of the solvent. All
NMR spectra were recorded on a 400 MHz Bruker III Ascend Spec-
trometer equipped with an Advance NEO 400 console and both, BBI and
BBO probes. IR spectra were recorded on a FT-IR instrument, while high
resolution mass spectra were performed by positive electrospray ioni-
zation using a quadrupole-time-of-flight detector (ESI(+)-Q-TOF) in-
strument. All compounds were purchased from commercial sources and
used as received.

2.1.2. Evaluation of the uv properties of the synthesized analog

Spectrophotometric assays were carried out on a Thermo Scientific™
GENESYS™ UV-Vis Spectrophotometer [Detector type: Dual Silicon
Photodiodes; Spectral Bandwidth: 1.8 nm; Scan Speed Up to 3600 nm/
min; Optical Design: Double Beam-Internal Reference Detector; 50/60
Hz; Photometric Linearity Up to 3.5 A at 260 nm; Stray Light <0.08%T
at 220, 340 nm (Nal, NaNOy) <1.0%T 198-200 nm (KCl); Wavelength
Accuracy: +1 nm; Wavelength Repeatability: +0.5 nm].

Assays were used for the determination of the molar absorptivity and
photostability of the analog. Molar absorptivity was calculated by
measuring the absorbance of five solutions of concentration s ranging
between 107°-105 M. Then, a linear regression was established be-
tween the concentration of each solution and its respective absorbance,
and through Beer’s Law, the molar absorptivity of the analog was
determined (Popiol et al., 2021). The photostability of both the analog
and octinoxate was evaluated by irradiating a solution of each com-
pound for 60 min at 310 nm (3.40 - 3.45 x 10> M). The resulting
absorbance was compared to the initial one and the percentage of
absorbance loss (LoA) was calculated at the Ay (Peyrot et al., 2021),
Calculations for estimating LoA were made in triplicate in order to
obtain statistically reliable results.

2.1.3. Evaluation of the lipophilicity of the synthesized analog

The lipophilicity of the analog and octinoxate was estimated using
RP-HPLC on a Shimadzu HPLC system (Japan, Prominence-i model LC
2030) at 300 nm, with an Ultra Aqueous (AQ) C18 column, according to
a previously established methodology (Elmansi et al., 2019). First, the
retention times of both molecules were determined at five different
proportions of a methanol/water mobile phase (60/40, 65/35, 70/30,
75/25, 80/20 and 90/10). Then, the capacity factor was calculated and
a linear relationship between the logarithm of the capacity factor and
the percentage of methanol in each mobile phase was established, and
the chromatographic index of lipophilicity was derived from the
resulting linear equation (y-intercept). Calculations for estimating the
chromatographic index of lipophilicity were made in duplicate as shown
by Elmansi et al. (2019),

2.1.4. Evaluation of the cytotoxicity of the synthesized analog

The cytotoxicity of the analog was evaluated by applying ISO
10,993-5 test methods (Jimeénez et al., 2015). Testing was carried out
using fibroblast L929 cells [NCTC clone 929, derivative of Strain L
(CCL-1)] purchased from ATCC (Manassas, VA, USA), and Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with fetal bovine serum
(10x), antibiotic-antimycotic solution (10 x), MEM vitamin solution (10
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Fig. 1. Aromatic and aliphatic alcohols used to modify the ester moiety of
octinoxate for the first set of analogs.

x) and sodium pyruvate solution (10 x) (Thermo Fisher Scientific,
Waltham, MA, USA).

First, cells were seeded into 96-well plates (1 x 104 cells/100 pL
medium) and incubated (37 °C, 5% COs) for 24 h in supplemented
DMEM. Afterward, the culture medium was replaced by different con-
centrations of the analog (0-150 nM) and cells were incubated again for
24 h under the same conditions. Sterile DMEM supplemented with
DMSO (25% v/v) and DMEM incubated with silicone (0.2 g/mL) were
used as positive and negative controls, respectively. Then, the medium
was removed and 100 pL of MTT (3-(4,5-Dime- thylthiazol-2-y)—2,5-
Diphenyltetrazolium Bromide) (1 mg/mL) was added, and samples were
incubated for 2 h (37 °C, 5% CO,). After discarding the MTT, DMSO (100
pL) was added to dissolve the formazan crystals, and the cell viability
percentage was determined by UV/VIS spectrophotometry at 570 nm
(Bio-Rad, xMARK). LCsg values were then estimated by establishing a
linear regression between the analog concentrations and the cell
viability percentage. Calculations were made in triplicate in order to
obtain statistically reliable results.

3. Results and discussion

The toxicity profile of octinoxate according to LAZAR Toxicity Pre-
dictions (Maunz et al., 2013) was determined as an initial step, which
can be observed in Table 1. From these results, only the analogs that
exhibited LCsg values greater than octinoxate’s in both Daphnia magna

o)
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2
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and Fathead minnow, as well as negative carcinogenicity in mice would
be considered promising candidates. In this case, both D. magna and
F. minnow act as indicator species to assess the response of aquatic
ecosystems to pollutants. Their response to common pollutants mea-
sures how detrimental a pollutant can be to aquatic species and
ecosystems.

The first set of analogs consisted in modifying the ester moiety of
octinoxate with several aromatic and aliphatic alcohols, as shown in
Fig. 1. The toxicity profile of the most promising candidates of this set is
presented in Table 1.

According to the structure of the most promising candidates from
this set (Table 1, entries 2-6) the best ester is aromatic with a maximum
four-carbon chain. Now, this was beneficial because by increasing the
number of chromophore groups in the analogs’ structure the amount of
UV radiation that they would absorb would most likely increase as well
(Popiol et al., 2021), therefore resulting in more efficacious UV filters.

Afterwards, for the second set of analogs, the most promising can-
didates of the first set were modified as shown in Fig. 2. This set didn’t
yield promising candidates which indicated that the cinnamate ring
must be substituted, but with a less reactive functional group such as an
ether.

Therefore, for the third set of analogs the methoxy group of the
original molecule was modified with ethoxy and propoxy (Fig. 3) and
the best position for this substitution on the cinnamate ring was also
determined. Only the ortho and para positions were evaluated because
the cinnamate chain is an ortho/para directing group; consequently,
rendering the meta position inactive. The inactivation of this position is
relevant in this case because the conjugation would be less than with the
ortho and para positions and maximizing this conjugation could lead to
the analogs presenting bathochromic and hyperchromic shifts and a
greater molar absorptivity (Peyrot et al., 2021), both of which would
increase the efficacy of the analogs as UV filters.

The most promising candidates of this set are shown in (Table 1
entries 7-8), and their structure made it possible to conclude that the
best ether for the cinnamate ring is methoxy and that aside from the para
position, the ortho position also contributes to decrease the toxicity of
the analogs.

Then, the fourth set of analogs sought to evaluate the effect of adding
a substitution to the ester ring of the most promising candidates of the
previous sets, and its most favorable position on that ring (Fig. 4). This
set yielded several promising candidates (Table 1, entries 9-21), from
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Fig. 2. Functional groups used to modify the substitution of the cinnamate ring of octinoxate for the second set of analogs.
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Fig. 3. Functional groups used to modify the substitution of the cinnamate ring of octinoxate for the third set of analogs.
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Table 2
Toxicity profile of the most promising candidates of the fifth set.

Candidate Structure LCso LCso Carcinogenicity in
D. magna F. minnow mice
21 0.062 mM 0.322 mM Negative
22 0.014 mM 0.259 mM Negative
23 0.007 mM 0.359 mM Negative
Table 3

Predicted molar absorptivities of the octinoxate analogs.

Entry UV Filters Predicted ¢ (M ~

lem ™)

1 phenyl (E)—3-(4-methoxyphenyl)acrylate 19,862

2 benzyl (E)—3-(4-methoxyphenyl)acrylate 20,195

3 phenethyl (E)—3-(4-methoxyphenyl)acrylate 21,643

4 3-phenylpropyl (E)—3-(4-methoxyphenyl)acrylate 22,354

5 4-phenylbutyl (E)—3-(4-methoxyphenyl)acrylate 22,830

6 phenethyl (E)—3-(2-methoxyphenyl)acrylate 19,816

7 4-phenylbutyl (E)—3-(2,4-dimethoxyphenyl) 22,742
acrylate

8 2-methoxyphenyl (E)—3-(4-methoxyphenyl) 19,673
acrylate

9 2,6-dimethoxyphenyl (E)—3-(4-methoxyphenyl) 19,487
acrylate

10 2,6-diethoxyphenyl (E)—3-(4-methoxyphenyl) 19,348
acrylate

11 2-ethoxyphenyl (E)—3-(4-methoxyphenyl)acrylate 19,787

12 2-methoxybenzyl (E)—3-(4-methoxyphenyl)acrylate 20,024

13 2,6-dimethoxybenzyl (E)—3-(4-methoxyphenyl) 19,847
acrylate

14 2,6-diethoxybenzyl (E)—3-(4-methoxyphenyl) 20,973
acrylate

15 2,6-dimethoxyphenethyl (E)—3-(2-methoxyphenyl) 19,446
acrylate

16 2-methoxyphenethyl (E)—3-(4-methoxyphenyl) 21,513
acrylate

17 2,6-dimethoxyphenethyl (E)—3-(4-methoxyphenyl) 21,377
acrylate

18 2,6-diethoxyphenethyl (E)—3-(4-methoxyphenyl) 21,263
acrylate

19 3-(2,6-dimethoxyphenyl)propyl (E)—3-(4- 22,137
methoxyphenyl)acrylate

20 3-(2,6-diethoxyphenyl)propyl (E)—3-(4- 22,810
methoxyphenyl)acrylate

21 2,6-dimethoxyphenyl (E)—3-(4-methoxyphenyl) 16,862
but-2-enoate

22 2-methoxyphenyl (E)—3-(4-methoxyphenyl)but-2- 17,086
enoate

23 4-phenylbutyl (E)—3-(4-methoxyphenyl)—3- 22,283
phenylacrylate

which it can be concluded that the best substitutions for the ester ring
were the methoxy and ethoxy groups in the ortho position of the ring.
Lastly, the photodegradation products of octinoxate were examined
in order to evaluate the compounds that would probably result from the
photodegradation of the candidates obtained from the previous four
sets. According to Stein et al. (2017), 4-methoxybenzaldehyde is a
common product of the photodegradation of octinoxate. This compound

is very reactive; thus, three functional groups (methyl, ethyl, and
phenyl) were added to the alkene group of the candidates in order to
avoid the formation of this subproduct via hyperconjugation and thus,
avoid its possible contribution to the toxicity profile of the analogs. The
best candidates of this set are presented in Table 2.

Now, in order to test the absorption capabilities of the 23 most
promising candidates, we set out to build a prediction model using an
artificial neural network (ANN) that enabled the prediction of the molar
absorptivity of the analogs. The model was built as described in the
methodology, which allowed after a systematic analysis the selection of
eight molecular descriptors (AlogP, PetitjeanNumber, nsCHs, nAtomLC,
nAtomLAC, TopoRadius, TopoDiameter y nHBd). These descriptors, the
experimental molar absorptivity values of the training set (Graph 1, A-
0O) and 640 hidden nodes yielded a determination coefficient (R?) of
0.768, enabling the prediction of the molar absorptivity of the analogs
(Table 3, entries 1-23).

(A)-(E)—3-phenyl-1-(12,32,52,72-tetrapropoxy-1,3,5,7(1,3)-tetra-
benzenacyclooctaphane-15-yl)prop-2-en-1-one[45], (B)-(Z)—1-(55-cin-
namoyl-12,32,52,72-tetrapropoxy-1,3,5,7(1,3)-tetrabenzenacycloocta-
phane-15 yl)—3-phenylprop-2-en-1-one [45], (C)-isopentyl (E)—3-(4-
methoxyphenylacrylate [46], (D)-(E)—3-(4-hydroxy-3-methox-
yphenyDacrylic acid [47], (E)-(E)—3-(4-(((Z)—3,7-dimethylocta-
2,6-dien-1-yl)oxy)—3-methoxyphenyl)acrylic acid [47], (F)—2-ethox-
yethyl (E)—3-(4-methoxyphenyl)acrylate [46, (G)—2-ethylhexyl 2-
cyano-3,3-diphenylacrylate [46], (H)-(E)—3-(4-methoxyphenyl)acry-
late[46], (I)—2-ethylhexyl-(Z)—3-(4-methoxyphenyl)acrylate-2-ethyl-
hexyl[48], (J)-(E)—3-(2,4,5-trimethoxyphenyl)acrylate [48], (K)—2-
ethylhexyl-(E)—3-(4-methoxyphenyl)acrylate (Octinoxate) [47], (L)-
(E)—3-(3-methoxy-4-((3-methylbut-2-en-1-yl)oxy)phenyl) acrylic acid,
[47] (M)—2-ethylhexyl (E)—3-(3-methoxyphenyl)acrylate [47], (N)—2-
ethylhexyl (E)—3-(2,4,6-trimethoxyphenyl)acrylate [47], (O)—2-ethyl-
hexyl (E)—3-(2-methoxyphenyl)acrylate[47].

Based on the results shown in (Table 3, Fig. 5) entries 4, 5, 7, 19, 20
and 23 presented molar absorptivity values closer than the value re-
ported for octinoxate (Table 3, entry K, Fig. 5). However, analogs 5 and
23 were dismissed because their LCs values in Daphnia Magna (0.007
nM, Tables 2 and 5) were significantly lower than those of the other four
entries. On the other hand, entries 5, 8, 20 and 21 had similar toxicity
profiles (Table 1), but only candidates 4 and 7 were chosen for synthesis.

Candidates 4 and 7 were obtained according to Schemes 1 and 2,
respectively, using 2,2,2-trichloro-1,1-dimethylethyl chloroformate to
generate the mixed anhydride derivative of each carboxylic acid. Since
methoxy-substituted cinnamic acids are not highly reactive, the reaction
is favored by the “proton sponge” effect of triethylamine in dichloro-
methane (DCM) at room temperature, thus allowing the in-situ prepa-
ration of the mixed anhydrides which are then made to react with their
respective alcohol (10% excess) under soft reaction conditions at room
temperature. Also, this methodology favors the addition-elimination
step via which each ester is formed under soft conditions and with
high percent yields. However, synthesis of candidate 4 resulted in a
greater percent yield than synthesis of candidate 7, probably due to the
fact that the additional substitution on the cinnamate ring of candidate 7
decreases the partial positive charge on its carboxyl carbon, thus
reducing the effectiveness of the nucleophilic attack by the alcohol. As a
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Scheme 2. Synthesis of 4-phenylbutyl (E)—3-(2,4-dimethoxyphenyl)acrylate (Analog 7).

result, only the UV properties, lipophilicity, and cytotoxicity of candi-
date 4 were determined.

Once candidate 4 was characterized, its UV properties were evalu-
ated spectrophotometrically. According to Fig. 6, candidate 4 presented
absorbance mostly at UVB wavelengths (280-315 nm), which led to a
wavelength coverage area comparable to that of octinoxate.

Afterwards, the molar absorptivity and loss of absorbance of candi-
date 4 were determined. As shown in Table 4, candidate 4 presented a
greater molar absorptivity than the one reported in the literature for
octinoxate. This indicates that candidate 4 has the ability to absorb more
radiation than octinoxate at the same UVB wavelengths (Skoog et al.,
2014), thus, being capable of offering greater photoprotection.

Furthermore, it can be observed that the experimental value is
significantly larger than the one predicted by the neural network model.
This can be attributable to the fact that the prediction was carried out

with an R? value of 0.768, because even though this value is capable of
offering reliable predictions (Carpenter et al., 2018), also has a wider
margin of error than if the prediction had been carried out with an R?
value closer to 1.0. Nevertheless, the experimental results of this vari-
able proved that the prediction model was able to guide the selection of
less toxic analogs towards the one that had the greatest possibility to
exhibit a molar absorptivity value similar to that of octinoxate.

On the other hand, Table 4 also shows that the loss of absorbance of
both candidate 4 and octinoxate is similar since their respective confi-
dence intervals overlap. Considering that the loss of absorbance is
related to the photostability of these molecules upon UV radiation, these
results indicate that both candidate 4 and octinoxate will preserve their
protective effect for a similar amount of time, which might also suggest
that the frequency of their application would be similar as well.

Now, aside from their UV properties, the lipophilicity of promising



D. Zambrano et al.

0.95
09
0.85
08
0.75
0.7
0.65
0.6
0.55
0.5
0.45
04
0.35

Absorbance

0.25
0.2
0.15
0.1
0.05

European Journal of Pharmaceutical Sciences 180 (2023) 106332

- Candidate 4
= =QOctinoxate

T T T T T T

250 260 270 280 290

300

310

—
T LI B | 1 T T T T Tt T T 1

320 330 340 350 360 370 380 39 400

Wavelength (nm)
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UV filters must be evaluated due to the fact that the functionality of
these molecules depends on their ability to remain on the skin’s surface,
and the toxic effects often associated with these types of compounds are
attributable to their systemic absorption. According to the literature,
molecules with lipophilicity values between 1 and 3 will easily permeate
the skin because their amphipathic nature allows them to cross the
lipophilic barrier of the stratum corneum and the hydrophilic layers of
the epidermis (Popiol et al., 2021). Moreover, molecules with lip-
ophilicity values less than —1 will not be able to cross the stratum cor-
neum, whereas those with values greater than 3 will be retained in the
stratum corneum, thus delaying their systemic absorption (Popicl et al.,
2021).

Thus, Table 4 shows the chromatographic index of lipophilicity of
candidate 4 and octinoxate. These results indicate that octinoxate is
more lipophilic than candidate 4; yet candidate 4 can permeate the skin

LCso value

LC50 (nM)

Candidate 4 67.41 +2.34
Octinoxate 45.67 +2.65

Table 4
Molar absorptivity and loss of absorbance of candidate 4 and octinoxate.
Molar Absorptivity (M Loss of Chromatographic
“lem™) Absorbance Index of Lipophilicity
(%) (logkw)
Candidate 36,155 22,354 20+1.9 2.4946
4 (INQA (95% CI1 0.1,
Neural 3.9)
Network)
Octinoxate 23,300 [46] 1.0+ 0.2 4.2526
(95% CI 0.8,
1.2)
140 + : .
| —e— Candidate4 —a--Octinoxate
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100 }
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Fig. 7. Effect of candidate 4 and octinoxate on the cell viability of L929 cells.
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more easily than octinoxate, thereby making candidate 4 more likely to
be absorbed systemically. However, the likelihood of candidate 4
permeating the skin could be reduced by using the appropriate formu-
lation, for example an emulgel. The emulsion moiety of the emulgel
would aid the incorporation of candidate 4 into a gel matrix, where it
would be trapped and slowly diffuse out into the skin (Supriya et al.,
2014). The viscosity of the gel matrix would most likely play a critical
role on the amount of time candidate 4 would be retained in the surface
of the skin, thus reducing the rate of systemic absorption while also
increasing the duration of its protective effects. Nevertheless, more
studies — i.e. an in vitro drug release study, are required to determine if
modulating the viscosity of an emulgel would significantly reduce skin
permeation of this compound.

Finally, the effect of candidate 4 and octinoxate on cell survival was
evaluated using L929 cell lines to determine their safety profiles. As
shown in Fig. 6, cell viability was reduced as the concentration of both
molecules increased.

However, with these results the LCsq values of each molecule were
determined, which are presented in Fig. 7. These values indicate that
candidate 4 is less cytotoxic than octinoxate because a greater amount of
it is needed to induce cellular damage or death.

4. Conclusion

Ligand based virtual screening proved to be a useful strategy for
designing less ecotoxic octinoxate analogs, and for guiding the selection
of these analogs towards the one that could potentially exhibit similar
photoprotective properties to those of the parent compound. Synthesis
of the most promising analog was supported by H!-NMR and C'>-NMR
spectra, and the physicochemical and biological assays performed
showed that the analog presented a greater molar absorptivity than
octinoxate (36,155 M ~ Iem?! vs. 23,300 M ~ lem™) and a similar
absorbance loss (2.0% vs. 1.0%). Thus, the analog can be considered a
more effective alternative to octinoxate. On the other hand, the analog
exhibited a greater LCs( than octinoxate (67.41 nM vs. 45.67 nM), which
indicates that the analog can also be considered a less cytotoxic substi-
tute to its parent compound.
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