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Abstract: The use of sunscreens in our daily lives to reduce UV exposure on our skin is a good
measure against photoaging. However, the current active ingredients in the market are not able
to cover the entire spectrum range of UVA and UVB. Therefore, broader spectrum compounds
are constantly being searched by cosmetic companies to replace the commercially available UV
filters. In this study, an experimental model utilizing the MATLAB software was developed to
measure a compound’s critical wavelength (Ac). The purpose of this research was to ease the cost
and speed up the screening of bioactive compounds for photoprotective properties while
maintaining accuracy in the process. In this paper, the measurement of caffeic acid, gallic acid,
and pinocembrin’s critical wavelength in the MATLAB software was explained in a step-by-
step guide. This was done to create an understandable and executable procedure for future
researchers to utilize. Subsequently, from the results, the critical wavelength of caffeic acid,
gallic acid, and pinocembrin was 378.2nm, 324.6nm, and 364.8nm, respectively. This shows that
caffeic acid has the broadest absorbance spectrum, followed by pinocembrin, and finally gallic
acid. Thus, it may be possible that caffeic acid might have stronger photoprotective abilities as
compared to pinocembrin and gallic acid, based on its critical wavelength.

Keywords: Sunscreen; critical wavelength; MATLAB; UV rays; bioactive compounds

1. Introduction

Photoaging is the premature aging of the skin by ambient UV exposure and is
characterized by the formation of wrinkles, irregular pigmentation, loss of skin resilience, etc.[*”
81, Therefore, many different kinds of sunscreens were developed by cosmetic companies as a
protectant against the detrimental effects of UV rays. Sunscreens can be categorized into two
different groups: physical (inorganic) and chemical (organic) sunscreens. Physical sunscreens,
such as titanium dioxide and zinc oxide, reflects and scatter UV rays while chemical sunscreens
absorb and dissipate high-intensity UV rayst*l. Chemical sunscreens can be further classified into
two different categories based on their filter against UVA or UVB. Examples of UVA filters
available in the market are benzophenones, dibenzoylmethanes, and anthranilates, while UVB
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filters are p-aminobenzoic acid (PABA) derivatives, cinnamates, salicylates, and camphor
derivativest®. These compounds are often used in combination as not one is broad enough in its
absorbance spectrum nor high enough in sun protection factor (SPF) to completely negate the
UV raysll,

Critical wavelength (Ac) is defined as the wavelength where the integral of the spectral
absorbance curve is at 90% of the integral from 290-400 nm and the formula to determine it was
developed by Diffey® as can be seen in Equation 1.

Ae 400
f A(D)da =09 f A(DdA ) 1)
2

90 290

There are several benefits to this method in comparison to SPF measurement. Firstly, the
measurement of critical wavelength is independent of application thickness because the
measurement is inherently based on the absorbance curve instead of its amplitude. Secondly, the
proposed method considers the electromagnetic spectrum from 290-400 nm as a single
continuous entity, accounting for both UVA and UVBI"8l, Thirdly, this method is conducted in
vitro, removing the dangers, costs, and time consumption necessary for human clinical testing®l.
Next, for a sunscreen to hold the title of broad-spectrum, it must at least have a critical
wavelength of 370 nm, which indicates, that a product is able to absorb the entire UVB range
and some parts of UVAPU, Although SPF is a popular measurement used to evaluate the
photoprotective efficiency of a sunscreen against UV-induced skin erythema, FDA and 1SO
guidelines dictate that a product’s critical wavelength must be measured and reported to best
showcase a product’s ability!>, This is because the true value of SPF is easily affected by the
amount applied to the skin. Despite being encouraged to apply up to 2 mg/cm? layer of sunscreen,
many only apply up to a quarter of that amount in real lifel*?. It had been reported that the SPF
of the applied sunscreen significantly decreased when lesser amounts are applied to the skin2131,

Therefore, in this study, the critical wavelength of three different bioactive compounds,
caffeic acid, gallic acid, and pinocembrin, will be calculated using the MATLAB software as a
case study. The use of bioactive compounds from natural sources is not only common in the
medical field but is also widely used in cosmetic and agriculture productst*4l. This is due to the
increase in consumer demand towards more cost-saving, greener and sustainable sources™®l. In
this study, the bioactive compounds (Figure 1) chosen were previously reported to have
photoprotective properties. The photoprotective properties of caffeic acid were proven when the
compound significantly protected the skin against UVB-induced erythema in human
volunteers*®l. Additional molecular studies revealed that caffeic acid was able to inhibit the
expression of MMP-1 and increase collagen production in UVB irradiated human fibroblast cells
due to the suppression of reactive oxygen species (ROS) production in UVB irradiated cells and
in turn suppressed the expression of NF-kB and phosphorylation of mitogen-activated protein
kinases (MAPK) markers, which are triggers to MMP-1 expression"8, This finding was
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supported by another study which also showed that topical caffeic acid suppressed not only NF-
kB expression but also cyclooxygenases-2 (COX-2), and prostraglandin E2 (PGE>) by directly
inhibiting Fyn kinase activity when tested on both in vitro and in vivo mouse skin cells*®l, Hence,
through these studies, it can be seen that caffeic acid does possess photoprotective properties.
On the other hand, in the study done by Garcia Forero, et al.?%, pinocembrin was reported to not
only display maximum wavelength absorption within the UVC and UVB range but also
increased the SPF in vitro values and inhibited DNA damage in both E. coli PQ37 strain and
human embryo kidney (HEK-293) cells. Other studies on pinocembrin also displayed that the
compound is able to inhibit oxidative stress in retinal pigment epithelium and inhibit the
activation of nuclear factor (NF)-xB, degradation of IxB, and expression matrix metalloprotease
(MMP)-1, 3, and 13 in human chondrocytes?*?2. Although these two studies are not directly
conducted on skin models, the cascade of UVB photoaging is also triggered by similar markers
as described by Mahendra, et al.l'”], hence, suggesting that pinocembrin might potentially be
able to suppress photodamage. Finally, gallic acid and its derivatives from green algae were
suggested to contribute to the plant’s photoprotective properties through its high antiradical
activities]. Similar to caffeic acid, gallic acid also attenuate skin photoaging through the
suppression of ROS production, which in turn decreased the expression of IL-6 and MMP-1 in
UVB irradiated normal human dermal fibroblast. Topical application of gallic acid on hairless
mice even shown that the wrinkles formation was much more superficial as compared to those
irradiated by UVB. There was even an increase in hydration in the stratum corneum by 127%
and a decrease in erythema index by 28% as compared to the UVB treated group!?4. Thus, based
on these reports, these compounds were most suitable to showcase the accuracy and ease of using
this experimental model and MATLAB software in evaluating the spectral absorbance curve and
critical wavelength of each compound. Through this, we aim to develop an experimental model
which will aid in easing the primary selection of natural products to be used as active ingredients
in sunscreens. Here, the step-by-step process of using MATLAB to obtain the critical wavelength
will be described in detail in this paper in hopes to provide future researchers with a template to
perform similar studies or a general procedure to perform the analysis.
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Figure 1. The chemical structure of photoprotective bioactive compounds. (A) Caffeic acid, (B) Gallic acid, and
(C) Pinocembrin.
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2. Methods and Materials

2.1. Materials

Bioactive compounds, gallic acid, pinocembrin, and caffeic acid, were obtained from
Sigma Aldrich (St. Louise, USA) and prepared in 100% DMSQO. Their absorbance spectrum was
measured using a 96 well UV/Vis plate (Corning, USA) and UV spectrophotometer (Biotek,
USA). The MATLAB software license in this study was subscribed by Monash University.

2.2. Obtaining Absorbance Spectrum

The absorbance of 20 mg/mL gallic acid, pinocembrin, and caffeic acid were measured
from 290-400 nm using a UV/Vis plate in a UV spectrophotometer. As DMSO was used as the
solvent in the preparation of the bioactive compounds, its absorbance was measured as well to
act as the blank. After normalizing against the blank, the absorbance spectrum of each sample
was evaluated using MATLAB.

2.3 Determining Critical Wavelengths

2.3.1. Preparations

As a prerequisite to perform the following work, two software had to be installed. First
being a software to store experimental data, which here, Microsoft Excel was used. Second being
a programming software to analyze the data, such as MATLAB was used. Within MATLAB, the
work was utilized using two working environments. One was the Editor for coding the main
scripts and also function files. The other was a sub-application known as the Curve Fitting
Toolbox to fit the scattered data to functions for calculation purposes.

2.3.2 Importing data

The data for the absorbance spectrum for the bioactive compounds of interest is first to
be extracted from Microsoft Excel. In this case, the bioactive compounds are caffeic acid, gallic
acid, and pinocembrin. The data can be imported into MATLAB through various method. In this
work, the Import Data function was used as can be seen in Figure 2. This will allow MATLAB
to read and import data from the file of choice, in this case, “uvb spectrum trial 2 110820.xIsx”.

4\ MATLAB R2018b - academic use

[0 o

W L ELE L Loy Find Files

New New New Open . Compare
Scenpt LiveScnpt w v

Figure 2. Navigation to Import Data from External Files.
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The desired data was then highlighted to be imported. After importing, a temporary file
will appear in the workspace as in Figure 3 and Figure 4.
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Figure 3. Selection of Desired Data to be Imported.

Name Value

Huvbspectrumtrial2.. 13x4 tol h]

Figure 4. Temporary File in MATLAB Editor Workspace.

The temporary file was then saved as a .mat file — “uvb_spectrum_trial2 110820.mat”,
using the Save Workspace function as shown in Figure 5. Note that the file has to be saved into
the same folder as the main script.
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uvb spectrum trial 2 110820.xIsx (Microsoft Excel Worksheet) —~

Figure 5. Generating .mat file using the Save Workspace Function.

Now, the saved .mat file can be loaded into the MATLAB Editor using the script below.
After loading the file, variable names had been assigned accordingly in the MATLAB Editor as
seen in Figure 6, with wavelength being the spectrum; CA being the absorbance of caffeic acid,
GA being the absorbance of gallic acid, and PC being the absorbance of pinocembrin.
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a) uvbspectrumtrial2_110820

5 13x4 table
1 2 3 4
A1 A7 A8 A9
1 280 3.4670 2.9630 3.6240
D 290 3.6740 3.0660 3.7180
3 300 3.6700 3.1170 3.8830
4 310 3.6740 3.0720 3.8340
3 320 3.5950 2.8570 3.6990
8 330 3.5880 0.5010 3.7050
7 340 3.5890 0.0760 3.6680
B 350 3.5230 0.0470 36530
g 360 3.5760 0.0370 3.6200
10 370 3.1770 0.0320 2.1820
11 380 3.0900 0.0230 0.5440
12 390 0.9380 0.0140 0.1530
13 400 0.1640 0.0110 0.0600
b) i- wavelength = uvbspectrum alZ 110820.A1
g R i
PC = uvbspectrumtrial2? 110820.A9

Figure 6. (2) The Data in uvb_spectrum_trial2_110820.mat and (b) The Variable Assignment in MATLAB Editor.

2.3.3 Curve fitting toolbox

The area under the graph of each absorbance spectrum was essential in determining the
corresponding critical wavelengthl™. In order to calculate the area through numerical integration,
equations were needed. Thus, the scatter data had to be fitted to a curve. This was done by using
the Curve Fitting Toolbox[?, a sub-application in MATLAB.

By selecting the data for the x (wavelength) and y (absorbance) axes from
uvb_spectrum_trial2_110820.mat, each compound’s scatter data were fitted with distribution
functions as seen in Figure 7, Figure 8, and Figure 9. Here, the absorbance of caffeic acid, gallic
acid, and pinocembrin was fitted to a fifth order polynomial function, a fourth harmonic Fourier
function, and a three-termed Gaussian function[?l, respectively.
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Figure 7. Fifth order polynomial fit for the scatter data of absorbance for caffeic acid.
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Figure 9. Three-degree gaussian fit for the scatter data of absorbance for pinocembrin.
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From the Figures above, the fitting equation of caffeic acid can be written as Equation 2,
Equation 3 and Equation 4 respectively:

fQ) = piA° + poA* + p32® + pyA® + psA + ps (2)

fA) = ay + a; cos(Aw) + b; sin(Aw) + a, cos(2Aw) + b, sin(2Aw) 3
+ a5 cos(3Aw) + b5 sin(3Aw) +a, cos(4Aw) + b, sin(4Aw)

fQ) = ale_@;_f)l)z + aze_(/lzzbz)2 + a3e_(/1;:3) @

Whereby as functions of 1, the wavelength: p1, p2, p3, ps, and ps are the coefficients for
the polynomial equation; ao, a1, a2, as, as, bi, b2, bs, bs, and w are the coefficients for the Fourier
equation; a1, az, as, b, bz, bs, ¢1, ¢2, and c3 are the coefficients for the Gaussian equation.

The fitness of the models was verified in terms of the low Root Mean Squared Errors
(RMSE) and r? coefficient of determinations having values close to unity as seen in Figure 10.
Nevertheless, a high r? value does not necessarily suggest a good fit. Therefore, visual
verifications were also required. As such, the curve lines were plotted and compared with the
scattered data in the MATLAB Editor as demonstrated in Figure 11.

.....
»»»»»

0032 0 D%

Figure 10. Table of fits showing the goodness of fit of the gaussian function for all compounds.
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Figure 11. Visual verification for curve fitted to (A) caffeic acid, (B) gallic acid and (C) pinocembrin.

2.3.4 MATLAB editor: Obtaining area under graph and pinpointing critical wavelengths

Integral(1) = f

lower limit

upper limit

f)d)

With the fitted equations generated from the Curve Fitting Toolbox, the next step was to
calculate the area under the graph by running the codes in the MATLAB Editor. The equations
had to first be integrated. The user is expected to have the mathematical knowledge of integrating
the equations manually. In this work, the integrals for the polynomial, Fourier, and Gaussian
equation are shown in Equation 5 to Equation 8 respectively:
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. A6 AS A% A3 A?
Polynomial Integral(A) = p16 + pzs + p34 + p43 + psz + peh (6)
Fourier Integral(1) (7)
a, sin(Aw) by cos(Aw)  a, sin(2Aw) b, cos(2Aw)
= aO + —_ + —
w w 2w 2w
N as;sin(3Aw)  bscos(31w) 4 a,sin(4Aw)  b,cos(4iw)

3w 3w 4w 4w

b,

)+a202-erf< .

b,

by — /'1)] (8)

C3

, v
Gaussian Integral(A) = - [a161 -erf( ) + azcs - erf(

1 2

These integrated equations were then passed in as function handles for each compound.
The area under graph would then be the subtraction of the integration limits as seen in Equation
9 whereby the lower limit was the first recorded wavelength (in MATLAB syntax,
wavelength(1)); and the upper limit was the last recorded wavelength, (in MATLAB syntax
wavelength(end)).

Area Under Graph = Integral(upper limit) — Integral(lower limit) 9)

As mentioned in Equation 1 the critical wavelengths occur at 90% of the integral with
the 290-400 nm range. To find the critical wavelength, A, the equation was rearranged into
Equation 10 below such that it could be computed using numerical methods.

y(A) = {Integral(1) — Integral(290)} — 0.9{Integral(400) — Integral(290)} (10)

(%) denoted the solution for the critical wavelength, whereby /. was the value of 1 that
rendered y(4) to be equals to zero.

The numerical method attempted here was the False-Position Method!?”], a commonly
used closed root finding technique. Given the function handle, y(1), the lower bound, 290 nm,
the upper bound, 400 nm, and the tolerance of the solution, ¢, calling the function file,
false_pos.m, would use the False-Position Method to iteratively arrive at an estimate of the root
of the equation, in this case, the critical wavelength, within the set precision or tolerance (0.001
was chosen here). The syntax for calling this function can be seen in the main script as
“root=false_pos(y,290,400,0.001)”. Note that the main script, also known as m-file, must be
saved in the same folder as the function file.

3. Methods Validation

Next, the results were plotted in a graph with a red vertical line indicating the critical
wavelength for each compound, as shown in Figure 12. The critical wavelength for caffeic acid
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was calculated to be 378.2 nm, while gallic acid is 324.6 nm, and pinocembrin is 364.8 nm.
Based on the critical wavelength obtained, it can be seen that although all three compounds were
able to absorb within the UVB spectrum, only pinocembrin and caffeic acid were also able to
absorb, until a certain extent, within the UV A spectrum. Caffeic acid itself even achieved beyond
the critical wavelength of 370 nm, which is the wavelength where FDA and ISO had set as a
benchmark for broad-spectrum sunscreens. When comparing with another study that had been
done, Garcia Forero, et al.[% reported that pinocembrin and caffeic acid had a critical wavelength
of 380 and 365 nm, respectively, which is slightly different from the results obtained in this
study. However, this slight discrepancy could be due to the difference in calculating software, in
which the authors did not specify or showcase the methods of calculation. As for gallic acid, no
study had previously reported its critical wavelength even though it was reported to have
photoprotective propertiest?®l. Hence, based on the current data obtained and the methods
described here, the photoprotective coverage of the compounds can be ranked as such, caffeic
acid > pinocembrin > gallic acid. This shows that caffeic acid and pinocembrin may be a much
more suitable active ingredient to use in the formulation of a broad-spectrum sunscreen.

(E VI Critical Wavelangth of CA B) _, Critical Wavelength of GA

Criical Wiavslengh
Fotet Egp
. Scatier Pt

hance
Absorbance

Absarbanc

X 21 21 w0 = 40X

Figure 12. The critical wavelength of (A) caffeic acid = 378.2nm, (B) gallic acid = 324.6nm and (C) pinocembrin
= 364.8nm.
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Nevertheless, verifications were required. Here, the validity of the results was
demonstrated by substituting the root back into y(4). If the answer is zero, the estimated root is
verified as the critical wavelength. As can be seen in Figure 13, all the compounds obtained the
value zero in their root validation, and thus, the critical wavelength calculated was deemed
accurate.

Ay _ Root Check for CA B) _ Root Check for GA Fraction

(C) . Root Check for PC Fraction

Figure 13. Root verification for (A) caffeic acid, (B) gallic acid, and (C) pinocembrin showing that the solutions
obtained do indeed cause y(4) = 0.

4. Conclusions

In summary, the measurement of critical wavelength gives valuable insight on the
potential photoprotective properties of a compound. Through this preliminary screening,
cosmetic companies may be able to reduce the cost of compound testing for broad-spectrum
sunscreens. In this work, explanations of the steps taken in Curve Fitting Toolbox and codes
scripted in MATLAB Editor were relayed to assist any future researcher interested in
determining the critical wavelengths. Starting from the installations of prerequisite software,
fitting the experimental data to an analytical equation, to identifying the critical wavelength by
calling the function file that performs numerical methods, all steps were explained with the aim
of letting future researchers understand the execution process. This work was done with the hope
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that researchers could simply edit the required inputs in the main script for different test cases,
or even undertake similar approaches in determining critical wavelengths.
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