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Long-term exposure to ultraviolet (UV) rays has been attributed to irreversible health defects at the cellular level. Most im-
portantly, damage to DNA by UVA and UVB rays can result in uncontrolled cellular growth, leading to skin cancer. As a result,
topical treatments have been developed over time to protect the skin from UVA and UVB rays. +e active ingredients in
sunscreens or sun creams are sometimes unsaturated, aromatic organic compounds capable of absorbing harmful UV photons at a
great range of wavelengths. Absorption capabilities of these species depend on their degree of conjugation and their molar
absorptivity. With this knowledge, two cinnamaldehyde derivatives were synthesized into five potential organic UV filters by the
aldol condensation reaction. +e products were identified using nuclear magnetic resonance (NMR) and attenuated total re-
flection Fourier-transform infrared (ATR-FTIR) spectroscopies, and ultraviolet-visible (UV-vis) spectroscopy was used to
determine the UV absorption range and intensity of absorption for each compound. Since the compounds would hypothetically
be utilized in topical ointments to aide in skin protection, these compounds were assessed in the presence of Pseudomonas
aeruginosa, a representative bacterium of the skin’s natural flora. A time-course assay was conducted to detect growth effects of
P. aeruginosa in the presence of the organic compounds. According to the spectroscopic and bacterial analyses of these UV-
blocking compounds, three compounds were determined to be potential UV filters that cover UVA region while demonstrating
no apparent harm to the natural skin bacteria P. aeruginosa, while the other two likely diminished bacterial growth by simple
niche inhibition.

1. Introduction

Sunlight exposure is valued for its benefits to human health,
especially its role in the synthesis of vitamin D from cho-
lesterol. Unfortunately, prolonged and unprotected exposure
to UV rays has been associated with irreversible health defects
[1]. +e region of UV light emitted by the sun is categorized
into three types, which span the following wavelengths: UVA
(320–400 nm), UVB (290–320 nm), and UVC (200–290 nm)
[2]. Essentially, all UVC rays and a significant portion of UVB
rays are absorbed by Earth’s atmosphere and do not penetrate
its surface. As a result, UVC ranges of UV light are not
typically considered when investigating potential UV filters.
Since both UVB and UVA radiation can reach the Earth’s
surface and affect the epidermal layer of the skin, broad-

spectrum sunscreens are designed to block rays in the UVB
and UVA wavelengths [3–5]. UVB rays, while less common
on Earth’s surface than UVA rays, have a shorter wavelength
and higher energy than UVA rays, and therefore are capable
of greater damage to the skin. UVB exposure to the skin can
causemild to severe erythema, typically referred to as sunburn
or suntanning, as well as photoaging via collagen degener-
ation and abnormal deposition of elastic fibers of the skin [6].
In extreme cases, prolonged and unprotected exposure to
UVA and UVB can result in damage to a cell’s DNA which
can result in uncontrolled cell growth and skin cancer. While
exposure to UVB radiation has been identified as the major
contributor to the more harmful effects of solar radiation,
studies revealed detrimental effects of long-term exposure to
UVA radiation as well.
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While natural mechanisms for short-term UV protec-
tion exist (i e., melanin), long-term UV exposure to the skin
must be protected using broad-spectrum sunscreens. Since
UV exposure has been attributed to skin aging, more people
have committed to frequent use of sunscreens in their
skincare routines. As a result, sunscreens are in high de-
mand, and synthesis of effective and safe, broad-spectrum,
organic or inorganic UV-blocking compounds is an ever-
growing industrial field of chemistry. +e selection of UV
filters is based on the chemical and physical properties of the
compounds present in the filter that contribute to absorp-
tion, reflection, or diffusion of UV radiation.

+e extent and range in which an organic UV filter
absorbs UV radiation is dependent upon the ingredient’s
chemical structure. +e mechanism of an organic filter
involves the absorption of energy via chromophores, which
are unsaturated atoms or functional groups responsible for
absorbing and reflecting light at a distinct angle. +e
chromophores present in the organic filters undergo a de-
localization of the π-electrons in highly conjugated systems,
in which the molecule goes from the ground state to an
excited state (HOMO to LUMO) [7–9]. +e energy of the
UV light is conveniently converted into infrared energy, or
heat, through absorption by the conjugated system of
electrons.

Cinnamaldehyde derivatives show great promise as
organic UV filters due to their absorbance abilities within the
UV range. Common characteristics of organic UV filters
include a high degree of conjugation and large molar ab-
sorptivity (ε). In this project, five cinnamaldehyde-derived
organic compounds were synthesized with cyclic and
noncyclic ketones via the aldol condensation reaction to
yield highly conjugated α, ß-unsaturated ketones as shown
in Figure 1.

After synthesizing the UV-absorbing compounds, they
were analyzed by nuclear magnetic resonance (NMR) and
attenuated total reflection Fourier-transform infrared
(FTIR) spectroscopies to verify their identities as dialdol
products. Samples of the compounds were then analyzed
using ultraviolet-visible (UV-vis) spectroscopy to determine
their individual ranges and intensities of UV absorption.

A new wave of cosmetics focuses on utilizing ingre-
dients that protect the approximately 1000 species of
beneficial bacteria of the cutaneous microbiota that cor-
relate with healthy skin and even an enhanced immune
response [8–10]. To assess the safety of the potential UV
filters as cosmetic ingredients, it was also important to
investigate the effect of each compound on bacteria that
support human health [11, 12]. In order to analyze the
potential effects, the synthesized compounds were mixed
with cultures of Pseudomonas aeruginosa, one of the
bacterial species that coexists on the dermis. P. aeruginosa
is a Gram-negative bacillus that colonizes skin as an op-
portunistic pathogen but produces 4-hydroxy-2-heptyl-
quinolone-N-oxide, which prevents the overgrowth of
Staphylococcus aureus, another opportunistic Gram-posi-
tive coccus associated with antibiotic resistance infections
of MRSA. Organic UV-blocking compounds were dis-
solved in DMSO, mixed with P. aeruginosa culture, and

applied to agar plates in a time-course bacteria growth spot
assay to determine the effects of the compounds on typical
skin bacteria.

2. Methods and Materials

2.1. Instruments, Materials, and Reagents. All NMR spectra
were obtained using a Bruker Fourier 300MHz NMR with
CDCl3 solvent. Each experimental chemical shift was
compared to literature values from a spectra database for
organic compounds, published Gottlieb et al. [13]. Predicted
NMR spectra for each synthesized compound were pro-
duced for comparison to theoretical spectra using the
ChemDraw professional software from PerkinElmer. +e
ATR-FTIR spectra were collected using a Bruker Tensor 27
FTIR spectrometer. Prominent ATR-FTIR peaks were
characterized by comparing the wave number to reference
tables published on theMillipore Sigma-Aldrich website and
reference spectra on the NIST database [13, 14]. UV-vis
spectra were collected using a Hewlett-Packard 8463 UV-vis
spectrometer. Each sample was dissolved in ethanol to
0.025mM prior to measuring UV absorption. +e molar
absorptivity (ε) of each compound was determined using the
absorption values in conjunction with the BeerLambert Law
equation, in which the molar absorptivity (ε) equals the
absorbance (A) divided by the concentration (c) of the
analyte times the pathlength (l) of the light (ε� A/c∗ l).

+e cinnamaldehyde derivatives, ketone reagents, ace-
tone, ethanol, ethyl actetate, DMSO, and CDCl3 used in the
synthesis reactions were purchased from +ermo Fisher
Scientific.+in-layer chromatography (TLC) was performed
using silica glass gel plates. Each plate was stained in
phosphomolybdic acid (PMA) solution and viewed with UV
active light.

P. aeruginosa used for the biological assay were cultured
in Terrific broth (TB; KD Medical, #BLF-7170) and grown
on tryptic soy agar (Difco, #236940).+e solvent used for the
organic filters in the biological assay was DMSO (Consol-
idated Chemicals and Solvents, #67-68-5). Kanamycin A
derived from Streptomyces kanamycetious antibiotic (Sigma-
Aldrich, #K-4000) was used as a control inhibitor of bacterial
growth for the spot assays. To detect surface presence of
organic compounds on agar plates in the spot assay, imaging
was completed using a Nikon Eclipse Ti-2 confocal mi-
croscope supported by the NIS Elements AR 5.00.00 64 bit
software. Bacterial growth was measured on a UVP Bio-
Spectrum 810 Imaging System with 365 nm epi illumination,
and area densities were measured with Life Science Vision
Works LS Image Acquisition and Analysis software version
8.1.2.

2.2. General Synthetic Methods. A cinnamaldehyde deriva-
tive was combined with acetone at room temperature. In a
separate Erlenmeyer flask, sodium hydroxide pellets, fully
dissolved in deionized water and ethanol, were cooled to
20°C. Two milliliters of cinnamaldehyde derivative-acetone
solution were added and stirred at room temperature for
15minutes, before adding the remaining cinnamaldehyde
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derivative-acetone solution and stirring for another
30minutes. +e yellow precipitate was collected by suction
filtration.+e precipitate was transferred to a beaker, washed
with deionized water, and filtered again by suction filtration.
+e crude product was recrystallized using ethanol, filtered
by suction filtration, and rinsed with cold ethanol. +e
recrystallized product was then chromatographed on silica
gel and eluted, and its melting point was measured. Specific
synthesis procedures for all five compounds are given with
the supplementary material. Spectroscopic data, 13C-NMR,
1H-NMR, ATR-FTIR, and UV-vis for all five compounds

are in the supplementary materials in Figure 1(a) to 20(a).
+e spectroscopic information for 13C-NMR, 1H-NMR,
ATR-FTIR, and UV-vis for all five compounds is summa-
rized in Tables 1(a) to 10(a) in the supplementary materials.

2.3. Bacterial Growth Spot Assay. For each of the five po-
tential UV filter compounds, data were collected in time-
course spot assays to assess the growth of P. aeruginosa by
comparing five conditions at seven 2-fold dilutions for six
hours (see Supplemental Materials, Table 12(a)). +e five
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Figure 1: Five cinnamaldehyde-derived organic compounds (1–5) were synthesized with cyclic and noncyclic ketones via the aldol
condensation reaction.
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Figure 2: A representative bacterial growth spot assay on a tryptic soy agar culture plate imaged with epi illumination at 365 nm. 5 μL of
mixtures were spotted down columns 1, 2, 4, and 5 with the highest concentration at dilution 1 and the lowest concentration at dilution 7.
(a) Column 1 was P. aeruginosa with TB (TB+); column 2 was P. aeruginosa with DMSO (DMSO+); column 3 was dissolved UV compound
in DMSO without bacteria (UV compound+DMSO−); column 4 was P. aeruginosa with UV compound in DMSO (UV com-
pound +DMSO+); and column 5 was P. aeruginosa with kanamycin antibiotic (kanamycin+). (b) Representative microscopic imaging of
UV filter residue physically occupying tryptic soy agar surface.
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conditions compared were as follows: column (1)
P. aeruginosamixed with TB alone (no DMSO, no UV filter,
no inhibitor; TB+); column (2) P. aeruginosa mixed with
DMSO (solvent effect, no UV filter, no inhibitor; DMSO+);
column (3) UV filter in DMSO alone (UV filter effect, no
bacteria, no inhibitor; UV+DMSO−); column (4)
P. aeruginosamixed with UV filter dissolved in DMSO (UV
filter +DMSO effect, no inhibitor; UV+DMSO+); and
column (5) P. aeruginosa mixed with kanamycin A (known
inhibitor effect, no UV filter, no DMSO; kanamycin+). +e
representative spot assay plate shown in Figure 2 assessed
bacterial growth in the presence of compound 4 after three
hours of incubation at 37°C. Detailed steps for prepared spot
assay plates, measuring area densities, and data analysis for
the biological assays can be found in the Supplementary
Materials.

3. Results and Discussion

3.1. UV-Visible Absorption and Molar Absorptivity.
UV-vis spectra of each synthesized sunscreen product were
measured, as shown in Figure 3. +e absorbance of each
maximum peak was converted to molar absorptivity (ε)
using the Beer–Lambert Law (Table 1) as well as absorbance
ranges determined by full-width at half maximum peak
absorbance (FWHM) and half-width at half maximum peak
absorbance (Table 2). +e most effective ranges of wave-
lengths that would absorb radiation by the cinnamaldehyde
derivative compounds were determined by peak molar
absorptivity (λmax) as well as ranges determined by full-
width at half maximum peak absorbance (FWHM) and half-
width at half maximum peak absorbance (Table 2).
According to the absorbance ranges, all five compounds
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Figure 3: Combined UV-vis spectra for all of the synthesized organic UV filters in 95% ethanol solution, where the blue region represents
the UVB range (290–320 nm) and the orange region represents the UVA range (320–400 nm).

Table 1: Calculated molar absorptivity (ε) in 95% ethanol of p ⟶ π∗ transition peak for each synthesized sunscreen product.

Compound Molar absorptivity (L × mol− 1× cm− 1)

1 30,458
2 29,227
3 46,730
4 42,630
5 54,426

Table 2: Effective absorbance ranges of five cinnamaldehyde derivatives. FWHM is full-width at half maximum absorbance. HWHM is half-
width at half maximum absorbance.

Compound λmax
(nm)

Absorption range
(FWHM)

Δ FWHM
(−)

Δ (nm) FWHM
(+)

Absorption range
(HWHM)

Δ HWHM
(−)

Δ (nm) HWHM
(+)

1 377.3 327.1 to 414.5 nm 50.2 37.2 nm 352.2 to 395.9 nm 25.1 18.6 nm
2 361.5 321.5 to 398.7 nm 40.0 37.2 nm 341.5 to 398.7 nm 20.0 18.6 nm
3 392.0 350.6 to 422.6 nm 41.4 30.6 nm 371.3 to 407.3 nm 20.7 15.3 nm
4 391.2 349.2 to 426.0 nm 42.0 34.8 nm 370.2 to 408.6 nm 21.0 17.4 nm
5 410.8 368.2 to 446.6 nm 42.6 35.8 nm 389.5 to 428.7 nm 21.3 17.9 nm
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cover the UVA range, compound 2 covers small amount of
UVB range, and none of the compound covers the UVC
range. Each organic UV filter was dissolved in 95% ethanol
and added to a 1 cm wide quartz cuvette. Of the five

compounds, it was determined that compound 5 had the
largest molar absorptivity value of 54,426 Lmol−1 cm−1,
whichmeasures howwell a chemical compound is capable of
absorbing a given wavelength of light [15, 16]. Given that
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Figure 4: Time-course analysis of bacterial growth. P. aeruginosa growth at 1/16 dilutions over six hours of incubation at 37°C at one-hour
intervals expressed as percent maximum where growth at 100% is represented by TB+ (n� 4 for UV compound 1 and n� 3 for UV
compounds 2–5). Experimental conditions compared TB combined with P. aeruginosa culture (light blue, TB+), DMSO combined with P.
aeruginosa (red, DMSO+), compound dissolved in DMSO combined with P. aeruginosa (gray, UV compound+DMSO+), kanamycin
combined with P. aeruginosa (yellow, kanamycin+), and compound combined with DMSOwithout the presence of P. aeruginosa (dark blue,
UV compound+DMSO−). Significant differences are indicated between DMSO+ and UV compound+DMSO+ with an asterisk (p< 0.05).
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compound 5 had the largest molar absorptivity value, this
compound would be the most efficient organic UV filter for
absorbing harmful UV rays. +ough compound 5 is a
stronger sunscreen agent, it fails to cover the UVB range and
only covers within the UVA range. Compound 3 and
compound 4 cover the UVA range and both compounds
show potential as UVA filters due to their relatively high
molar absorptivity values. Compound 1 and compound 2
were observed to cover the entire UVA region. +ese two
compounds may be capable of covering UVA range and
have relatively large molar absorptivity values of 30,458 and
29,227 Lmol−1 cm−1, respectively. As published in the
Journal of Dermatological 5erapy, UV filters present in
sunscreens have a molar extinction coefficient of up to
20,000 Lmol−1 cm−1 and are considered effective for use in
commercial sunscreens [17].

Each organic UV filter shows potential as an active
sunscreen ingredient for UVA protection; however, they
provide little-to-no potential as broad-spectrum sunscreen
ingredients.

For these synthesized organic filters, the UV-vis spec-
trum reveals the presence of n ⟶ π∗ and p ⟶ π∗
transition peaks, as shown in Figure 3. +e molar extinction
coefficient used to determine each compound’s potential as a
UV filter was based on the p⟶ π∗ peaks, or the peaks with
the highest molar absorptivity. +e other peaks present at
lower wavelengths with low extinction coefficients represent
the n⟶ π∗ transitions that are a result of intramolecular
charge-transfer transition involving the carbonyl group [18].

3.2. Detecting Bacterial Growth Inhibition over Time. +e
fourth dilution in the 2-fold dilution series of spots was
selected to determine changes in the exponential growth
phase of the bacteria, as described in the Supplementary
Materials Figure 21(a). Bacterial growth was then compared
over 6 hours of incubation at one-hour intervals, as shown in
Figure 4.

+e nature of bacterial growth in the presence of each
cinnamaldehyde derivative aldol compounds dissolved in
DMSO were directly compared to DMS solvent effects alone
(n� 4 for UV compound 1; n� 3 for UV compounds 2–5).
Significant decreases in bacterial growth between DMSO
solvent alone (DMSO+) and the presence of both DMSO
and UV compound were determined by a Student’s t-test
Figure 4; ∗p< 0.05. +ese conditions were flanked by ideal
P. aeruginosa growth in Terrific broth (TB+) as a positive
control (establishing the 100% maximum bacterial growth
measure in Figure 4) and in the presence of the antibiotic
kanamycin (kanamycin+) as a control for inhibited growth.
While kanamycin is a known inhibitor of P. aeruginosa,
suboptimal concentrations of this antibiotic can result in
antibiotic resistant forms while inducing biofilm formation
of the bacteria and enhanced toxin production [19]. Based
on our collected data, concentrations of kanamycin less than
12.5mg/mL under conditions presented in the spot assays
allowed for delayed growth of P. aeruginosa. Most measures
of these two controls resulted in significant differences
between bacterial growth in TB versus in the presence of

kanamycin, but were not indicated in Figure 4 in order to
focus on relevant experimental differences between bacteria
grown in DMSO solvent alone versus in the presence of UV
compound dissolved in DMSO.

While compounds 2 and 4 showed no significant de-
crease in bacterial growth at any time point up to 6 hours, a
significant decrease in growth emerged in the presence of
UV compound 1 at 6 hours. Since bacterial growth in the
presence of UV compound 1 differed from DMSO only after
6 hours, it is unclear whether the difference would have
continued if measures were continued into the seventh hour
and longer times of incubation. Growth in the presence of
UV compound 3 was significantly diminished at 1 hour,
3 hours, 4 hours, and 6 hours. +ese results suggest anti-
microbial properties of UV compound 3 on bacterial growth
of P. aeruginosa, yet mean bacterial growth in the presence of
UV compound 3 after 6 hours still measured at 70.0%± 9.1%
relative to ideal growth in TB. +erefore, it is unclear if the
results represent true inhibition or simply delayed bacterial
growth. Growth in the presence of UV compound 5 was
significantly diminished when measured after 4 hours and
5 hours of incubation. Since two consecutive measures in-
dicated significant differences, assessment of bacterial
growth inhibition was further investigated for UV com-
pound 5 along with UV compound 3.

Closer analysis of potential growth inhibition comparing
TB+, DMSO+, UV compound+, and kanamycin+ for
compounds 3 and 5 suggested growth inhibition was either
competitive or mixed when using double reciprocal plots
(see Supplementary Materials, Figure 22(a)). Considering
microscopic images indicated the UV filters remained at the
surface of the agar plates (Figure 2(b)), it is likely any delay in
bacterial growth may have been due to simple niche com-
petition; that is, the bacteria lost surface area on which to
initiate growth where the UV filter occupied space.

4. Conclusion

Five organic UV filters were synthesized and characterized
through NMR, ATR-FTIR, and UV-vis analyses. Based on
the UV-vis spectra, each compound was determined to have
a high molar absorptivity capable of absorption within the
UVA range, revealing each filter’s potential as an active
sunscreen ingredient. Current UV filters are reported to
have molar absorptivity values of up to 20,000 Lmol−1 cm−1,
while the synthesized organic filters from this project ranged
from 29,000 to 54,000 Lmol−1 cm−1, indicating the relative
UV absorption effectiveness of the compounds. According
to the time-course and concentration gradient bacterial
growth assay, compounds 1, 2, and 4 caused no growth
inhibition of P. aeruginosa, but compounds 3 and 5 indi-
cated modest bacterial growth delay that resembled typical
growth inhibition of growth with suboptimal doses of
kanamycin. +ese results support that the synthesized or-
ganic UV filters are strong candidate sunscreen ingredients.

+e next stage of this project may involve investigation
of the safety and effectiveness of the UV blockers by further
researching the degradation and photostability of each or-
ganic UV blocker to determine the shelf life of the
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compounds. Environmental persistence of sunscreen in-
gredients has gained recent attention with oxybenzone and
octinoxate recently rendered illegal as of January 1, 2021, in
the Hawaiian islands due to underwater habitat destruction
of coral reefs [20]. Although organic compounds may in-
teract with high affinity to skin cells, it is unclear whether
these would eventually aggregate in freshwater or marine
environments with natural shedding of dead skin cells.
+erefore, persistence of the cinnamaldehyde derivative
aldol UV filters synthesized for this experiment should be
assessed in varied environments before distribution to avoid
additional damage to precious habitats.

In this experiment, modest inhibitory effects were found
in the presence of two of the cinnamaldehyde derivative
aldol UV filters on the bacterial growth of P. aeruginosa.
Assessing changes in bacterial growth of Staphylococcus
epidermidis and Staphylococcus aureus in the presence of the
cinnamaldehyde derivative aldol compounds would further
indicate any disturbance to the balance of epidermal
microbiota.
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