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Fluorescent films based on PVDF doped with
carbon dots for evaluation of UVA protection of
sunscreens and fabrication of cool white LEDs¥}
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The ultraviolet-A (UVA) radiation from sunlight that reaches the earth's surface can induce premature aging,
immunosuppression, and skin cancer. Commercial sunscreen products offer limited information regarding
protection against UVA light. Therefore, proposing new and practical alternatives to evaluate the UVA
protection capacity of commercial sunscreens is highly imperative. This work presents a novel
methodology for evaluating the quality of sunscreens using polyvinylidene fluoride (PVDF) based films
doped with plant derived photoluminescent carbon dots (CDs). The bluish white light emitting (under
UVA exposure) PVDF/CD films were used to evaluate the UVA protection capacity of 8 different
commercial sunscreens. The evaluation of UVA protection is based on the fluorescence attenuation
observed with the films coated with sunscreens. In addition, visual evaluation of the UVA protection
capacity of the sunscreens and commercial glasses, using the same films and a commercial UV lamp at
365 nm, has also been demonstrated. Two sunscreens with limited UVA protection were identified using
the proposed simple evaluation mechanisms without conventionally used expensive instruments and
complex methodologies. Additionally, the capacity of PVDF/CD material has been explored for the
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Introduction

The solar radiation reaching the earth's surface includes ultra-
violet radiation (UVR). The UVR is composed of three wave-
length ranges, i.e. UVC (200-290 nm), UVB (290-320 nm), and
UVA (320-400 nm). The earth’s atmosphere absorbs most of the
UVC radiation, but the UVB and UVA radiation reach the surface
causing adverse health impacts on human beings. For instance,
erythema (skin burn) and skin cancer' are caused by UVB light.
According to the world health organization (WHO), worldwide
there are 2-3 million new cases of skin cancer each year.* The
UVA radiation is not as harmful as UVB radiation, but it can
induce premature ageing and immunosuppression.>® In addi-
tion, studies indicate that UVA radiation also contributes to the
development of skin cancer.® The adverse effects of UV radiation
on humans have been increasing due to the constant
deterioration/depletion of the ozone layer, which reduces the
earth’'s natural protection from UV radiation. In order to reduce
the adverse effects of UV radiation, the WHO strongly
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possible fabrication of WLEDs with cool light emission.

recommends the use of sunscreens, UV-protected clothes and to
avoid prolonged exposure to the sunlight.”

Since commercial sunscreen products are evaluated by the
sun protection factor (SPF), they usually offer good protection
from UVB radiation.® The SPF of sunscreens is calculated from
the UV intensity required to produce sunburn on protected skin
(using sunscreen) divided by the UV intensity required to
produce sunburn on unprotected skin. This factor mainly
focuses on the effects of UVB radiation on human skin and
offers limited information regarding protection against UVA
light.® It is important to mention that the quantity of UVA
radiation reaching the earth is more than 20 times than that of
the UVB radiation."

The effects of UVA radiation are not noticeable in the short
term, so users of these types of sunscreen products cannot be
sure whether it is protecting them against the UVA rays. Some
parameters have been proposed to test if sunscreens offer good
protection in the UVA range. The critical wavelength (CW) is the
wavelength at which 90% of the total area of the absorbance
curve of the sunscreen is found.*? The UVA/UVB? coefficient and
the spectral uniformity index (SUI)"* indicate the uniformity of
the absorbance spectrum of sunscreens in the UVA and UVB
ranges. In general, the methods for analyzing the UVA protec-
tion of sunscreens are not well-established and there are
discrepancies among the different protocols reported in the
literature.'>** Due to discrepancies in UVA protection and SPF

© 2021 The Author(s). Published by the Royal Society of Chemistry
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measurements, there is a need to find better substrates that
allow more reliable measurements. Roughness and UV trans-
parency are elements to be taken into consideration when
choosing a substrate for in vitro measurements of SPF.'*'
Therefore, it is necessary to propose new measurement tech-
niques that facilitate the evaluation of the protection capacity of
sunscreens in the UVA range.

The recent advances in materials science have allowed in-
depth investigations on different types of materials that
absorb UV radiation. The materials like titanium dioxide,"
dopamine-melanin dense nanoparticles,'® ZnO nanoparticles,"”
can serve as UV shields due to their high UV absorbance. It is
also reported that carbon dots (CDs)'®>' can be used in UV
shields due to their strong absorption in the UV range.”* CDs
can also interact with UV radiation producing fluorescence.

In the past couple of decades, carbon dots have attracted the
attention of the scientific community due to their fluorescence
properties, biocompatibility, low cost, and the wide range of
methods for their fabrication.* Carbon dots have been used in
bio-imaging®® and white LED (WLED)" applications, and for the
identification/detection of metal ions,'®' adulterants,*
contaminants,* bacteria,”” and other microorganisms. Addi-
tionally, these nanostructures have also been incorporated into
different polymers such as poly(methyl methacrylate) (PMMA)
and polystyrene (PS),>® polyvinyl alcohol (PVA),>*** and poly-
vinylidene fluoride (PVDF)***** to create films and membranes
for different applications.

Among the polymers studied, PVDF has emerged as
a potential material for multiple practical applications due to its
ferroelectric properties,* thermal stability, chemical resistance,
mechanical strength, and good resistance to UV radiation.”*
This polymer has been mixed with different nanostructures to
improve their piezoelectric properties,***® hydrophobicity,*” and
absorption capacity in the UV range.> PVDF has recently been
mixed with carbon dots to obtain membranes with good fluo-
rescence properties and use them in fluorescence detection;
however, the incorporation of carbon dots is at surface level.**?*

This work primarily focuses on the fabrication of PVDF/CDs
films with stable fluorescence to evaluate the UVA protection of
sunscreens. The evaluation mechanism is based on the change
in fluorescence intensity observed with the films covered with
a specific amount of sunscreen. Additionally, the fabrication of
WLEDs using the PVDF/CDs photoluminescent films is
proposed in this manuscript.

Experimental

Materials

PVDF powder and N,N-dimethylformamide (anhydrous, 99.8%;
DMF) were purchased from Sigma-Aldrich and used as received.
Pithecellobium dulce leaves were collected from Cuernavaca,
Mexico. Eight commercially available sunscreens (lotions) of
different sun protection factor (SPF) were acquired from the
local stores in Mexico City. Additionally, three commercial
glasses with UV protection were acquired from Mexico City
stores.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of carbon dots

The CDs were prepared by the carbonization method using
Pithecellobium dulce leaves as precursor. The procedure was as
follows. Firstly, 5 g of leaves were washed with water and then
crushed. This material was heated to be converted at 400 °C in
a muffle furnace for 2 h. Then, the carbonized material was
mechanically grounded to get fine powders.

The as-prepared powdered material (80 mg) was mixed with
8 mL DMF to obtain a solution of 10 mg mL " concentration.
The solution was then stirred at room temperature for 15 min,
sonicated for 4 h, and finally centrifuged at 13 000 rpm for 20
minutes to remove the large particles. Finally, the supernatant
(CDs/DMF) was collected and used to make polymer-CDs
composites.

Preparation of PVDF/CDs films

PVDF/CDs films were prepared by solution-casting method. A
PVDEF/DMF solution with a 20 wt% composition was prepared
by dissolving PVDF powder in DMF at 60 °C with continuous
stirring. After that, different amounts of the CDs/DMF solution
(150, 300, 750, and 1200 pl) were added to the PVDF/DMF
solution to get films with different content of CDs. The result-
ing PVDF/CDs/DMF solutions were stirred for 2 hours at 65 °C
for proper mixing. Finally, fluorescent films (shown in Fig. 1) of
PVDF/CDs (PVDF/CDs-150, PVDF/CDs-300, PVDF/CDs-750, and
PVDF/CDs-1200) were successfully fabricated by solution
casting in glass plates at 65 °C. Additionally, the PVDF/DMF
solution was also used to fabricate films which were utilized
as a reference. Finally, samples of 1.5 x 1.5 cm, obtained from
the fabricated films, were used for UVA protection evaluation of
sunscreen and more characterization.

Material characterization

The absorption spectra of the CDs, PVDF/CDs films, and the
commercial sunscreens were obtained in a dual-beam Perki-
nElmer Lambda 950 spectrophotometer. The photoluminescent
characteristics of the CDs and PVDF/CDs films were carried out
with Cary Eclipse Fluorescence Spectrophotometer. The
morphology of the PVDF/CDs films was analyzed in Hitachi
FESEM. The surface characteristics of the CDs and the semi-
crystalline properties of the PVDF/CDs films were studied
using Fourier transform infrared (FTIR) spectra-Varian 660-IR
FTIR spectrophotometer.

Characterization of sunscreens

The absorption spectra (in a range of 290 nm to 400 nm) of the
eight samples were obtained using UV-Vis spectrophotometry.
For this, the same quantity of each sunscreen (1.2 g cm™2) was
uniformly applied to PMMA based composite substrates, as
suggested by the protocols for measuring SPF.>**° The absorp-
tion spectra were used to obtain the following parameters: SPF,
CW, SUI, percentage of UVA protection, and UVA/UVB coeffi-
cient. These parameters allow the evaluation of the level of UV
protection of the sunscreen samples. The abbreviations (CB
50+, HT 50+, HTSH 50+, BBT 50, AS 30+, BBT 30, CB 30, LD 15)
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Fig.1 A solution of PYDF/DMF and CDs/DMF is used to fabricate films with different CD contents. The differences in fluorescence intensity for

each film can be observed under 365 nm UV light.

used to identify the samples were chosen according to the
product name and their SPF.

Evaluation of UVA protection of sunscreens

The evaluation of the UV protection proposed in this work is
based on the fluorescence of PVDF/CDs films when they are
excited with UV radiation. The sunscreens spread on the surface
of the films, block the excitation wavelengths, causing
a decrease in the fluorescence of the films, as observed in the
scheme of Fig. 2.

With the aim of testing the level of sun protection of the
sunscreens, two different tests were carried out. In the first case,
the photoluminescence of PVDF/CDs films, coated with
sunscreens, was measured in the Cary Eclipse Fluorescence
Spectrophotometer. The tests were performed with excitation
wavelengths from 290 nm to 400 nm in 10 nm steps. The
intensity of the fluorescence of the sunscreens coated CDs/
PVDF films indicates the level of protection of the sunscreens
for each excitation wavelength.

For the second test, photographs of the PVDF/CDs films
coated with 1.8 g cm ™ of sunscreen were taken when excited
with a commercial 365 nm lamp. This qualitative test was
complemented quantitatively with photoluminescence inten-
sity measurements of the films at 370 nm excitation. This
excitation wavelength was selected because this is used as
a parameter of reference in the CW.

Evaluation of UVA protection in glasses

In this case, a luminescent PVDF/CDs film was used to quali-
tatively evaluate the UVA protection of commercial glasses with
protection against this type of radiation. A 365 nm lamp was
used to excite a PVDF/CDs film coated with UVA-protected

q Z—sunscreen
high ad X . '
fluorescence }75\‘ \f g ) ! / low
| g \ \ fluorescence
\

PVDF/CDs

Fig. 2 Mechanism for evaluating the UVA protection of sunscreens.
When the fluorescent film is covered with sunscreen, the emission
intensity decreases according to the UVA protection level of the
sunscreen.
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lenses. The fluorescence intensity of the films indicated the
level of UVA protection of the products.

Fabrication of WLEDs

UV chips with an emission wavelength centered at 365 nm were
selected to fabricate white LEDs. The prepared PVDF/DMF-CDs
1200 solution was used to cover the UV chip in two ways. Firstly,
a UV chip was covered with a PVDF/CDs film dried at room
temperature (PVDF/CDs-W). Secondly, a UV chip was covered
with a PVDF/CDs film dried at 65 °C (PVDF/CDs-T). The film
dried at room temperature had a white coloration, while the
film dried at 65 °C was transparent.

Results and discussion
CDs/DMF solution

Fig. 3 shows the absorption spectrum and photoluminescence
characteristics of the CDs/DMF. The absorbance spectrum
shows an intense peak at 268 nm attributed to a w—m* transi-
tion*" and another peak at 332 nm attributed to an n-m* tran-
sition.”® These absorbance peaks are similar to those reported
in the literature for CDs prepared in DMF.*> The sample exhibits
strong luminescence peaked at 403 nm when excited with
a wavelength of 270 nm. The diluted CD/DMF solution, inset in
Fig. 3, exhibits a slight yellowish coloration under daylight and
bluish-white coloration under 365 nm excitation. Additionally,
Fig. S11 shows the photoluminescence properties of the CDs/
DMF at different excitation wavelengths. There is a red shift
in the emission peak as the excitation wavelength increase.

0.5 268nm L 350
oidd I- 300
250 S
8 8
c 03 >
g 200 2
9 5
Q — Absorbance <
< 021 ——PL (270 nm) 150 £
= PLE (403 nm) d
100
0.1
50
0.0 T T 0

T T
300 400 500 600
Wavelength (nm)

Fig.3 Absorbance (black), PLE (blue, Aern =403 nm), and PL (red, Aex =
270 nm) studies. According to the PLE spectrum, the maximum
photoluminescence is obtained by exciting the CDs with a wavelength
of 270 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PL signal intensity of the CDs/DMF solution after a 30 days
under ambient conditions. No decrease in photoluminescence
intensity is observed, which is evidence of its stability.

The fluorescence stability of the CD/DMF solution is shown
in Fig. 4. After a 30 days follow-up, there is no apparent decrease
in PL intensity, so the CDs are highly stable under ambient
conditions for at least 30 days.

PVDF/CDs films

Fig. 5 shows the morphology of the PVDF and PVDF/CDs-1200
films. It is possible to appreciate that there are no apparent
changes in the surface of the films. This behavior indicates no
significant effects on the morphology of the films by adding the
CDs to the PVDF polymer matrix. The rough surface of the films
is a desirable feature for substrates used for in vitro SPF
measurements, as indicated in several articles.'*** Insets of
Fig. 5 reveals PVDF (a) and PVDF/CDs-1200 (b) films under
daylight. The addition of carbon dots to the PVDF polymer
matrix resulted in a yellowish coloration.

Fig. 6 depicts the absorbance spectra of the PVDF/CDs films.
The absorption band located at 275 nm is due to the carbon
dots. There is a slight shift of this peak to the peak located at
268 nm obtained for the CDs in DMF. This shift could be due to
the interaction of the CDs with the PVDF structure. It is also
visible the absorption band located at 332 nm, which coincides
with the absorption band of the CD/DMF sample. It is impor-
tant to note that the two absorption bands (275 nm and 332 nm)

Fig. 5 Micrographs of (a) PVDF and (b) PVDF/CDs-1200 films at
magnification 500x. Insets show the films of PVDF (left) and PVDF/
CDs —1200 (right) under daylight. The morphology of both films is
similar.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Absorbance spectra of the PVDF films with different content of
CDs. Anincrease in absorption at 275 nm and 332 nm wavelengths can
be seen as the content of CDs in the films increases.

in the PVDF/CDs films increase in intensity as the amount of
CDs/DMF solution added to the polymer increase. The PVDF/
CD-150, PVDF/CD-300, and PVDF/CD-750 films show similar
absorbance at wavelengths of the visible spectrum; however, the
PVDF/CDs-1200 sample exhibits an increase in absorption at
the same wavelengths.

The photoluminescence spectra of PVDF films with different
content of CDs are shown in Fig. 7. All films have a maximum
emission peak around 400 nm when excited at 270 nm. Never-
theless, it is possible to notice an increase in the visible wave-
length emission (around 450 nm) of the PVDF/CDs films as CDs
increase. In the graph of Fig. S2,} it is possible to see that the
emission is shifted towards the visible spectrum as the excita-
tion wavelength increases, similarly to the PL spectra of the CD/
DMF solution. The intensity of the photoluminescence at
456 nm for different excitation wavelengths is shown in Fig. S3.}
This wavelength emission was used to evaluate the changes in
fluorescence of the films coated with sunscreen products.

104 ——CDs/DMF
7 ——PVDF/CDs-150
| ——PVDF/CDs-300
——PVDF/CDs-750
08 —PVDFICDs-1200
E
©
L
2 064
[2]
c
o)
L
c
= 044
0.2
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. ' ; . ; .
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Wavelength (nm)

Fig.7 Comparison between the photoluminescence of the CDs/DMF
solution and PVDF/CDs films.
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FTIR study

The FTIR study was performed in two ways. Firstly, the analysis
focused on knowing the influence of CDs in the PVDF/CDs
films. The FTIR spectrum of PVDF films shown in Fig. 8
reveals a vibrational band at 1168 cm ™" which is characteristic
of the asymmetrical stretching from CF,; also, the C-H bond
from the PVDF structure is revealed at 1410 cm ™' with a vibra-
tion bending of CH, groups.* In the other hand, the CDs
spectrum (considered without solvent influence) shows the
main vibrational bands at: 3630 cm™' associated with the
stretching of O-H bond, 2901 cm ™" referred to the stretching of
C-H,*"* 1650 cm ™' of C=O0 stretching band,” 1550 cm ™" of
a medium bending band vibration of N-H bond corresponding
to the scissoring of NH,, 1415 cm ™! of C-O-H in plane bending
band,” 1066 cm™* stretching band of C-O,*® and finally, at
880 cm ™! probably related to the bending vibration of C-H.*
Spectra of mixed PVDF/CDs clearly present the influence of both
compounds’ vibration bands.

Secondly, the analysis focused on identifying the vibrational
bands corresponding to the crystalline phases of the PVDF. The
FTIR spectra of Fig. 9 show the characteristic bands at
1232 em ™Y, 1275 em ™!, and 763 cm ' associated with the
presence of v, B, and « phases, respectively.*>** Additionally, the
FTIR spectra exhibit a band at 836.9 cm™" which is a contribu-
tion of both the v (833 cm™*) and 3 (840 cm ') phases of PVDF>
v and {3 phases coexist in the films. Notably, the addition of CDs
does not appear to adversely affect the crystalline properties of

— PVDF PVDF/CDs-750
— PVDF/CDs-150 PVDF/CDs-1200
- PVDF/CDs-300 -CDs 1168
»(C-F
3630
v(O-H)
’
(0]
o
5 3(N-H) =~
IS
g 1650
S v(C=0) ~
2901 880
v(C-H) 1415 ' 1 §(C-H)
X 3(C-O-Hy . ' I

v(C-0)10661
LI L L

—
4000 3500 3000 2500 2000 1500

"3 I
1000
Wavelength (cm™)

Fig. 8 FTIR spectra for the PVDF and PVDF/CDs films indicating the
influence of the CDs in the PVDF structure.
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Fig. 9 FTIR spectra for the PVDF and PVDF/CDs films (lines indicate
the characteristic absorption bands of the a, B, and y phases).

the PVDF films, as can be seen from the bands at 1275 cm™*,
1232 cm™ ', 836.9 cm !, and 763 cm™' which are similar
between pure PVDF and PVDF/CDs films.

Characterization of sunscreens

Fig. 10 shows the absorbance spectra of eight sunscreen prod-
ucts of different SPF (enlisted in the inserted table). It is
possible to appreciate the level of protection of the sunscreens
across the UV spectrum from 290 nm to 400 nm. The CB30 and
AS30+ samples have a decreased absorption at wavelengths
corresponding to UVA. This behavior is not observed for the rest
of the sunscreen products.

Absorbance spectra make it possible to obtain specific
parameters that indicate the level of UV and UVA protection of
sunscreens. The parameters SPF, CW, SUI, UVA blocking, and
UVA/UVB shown in Table 1 were calculated according to the
literature®*> with the eqn (1)-(5), respectively. E(2) is the relative

3.0
——CB50+  ——AS30+
——HT50+  ——BBT30
——HTSH50+ ——CB30
254 ——BBT50  =——LD15

2.04

Absorbance

0.5+

0.0

T T T T T T T T T T
300 320 340 360 380 400
Wavelength (nm)

Fig. 10 Absorbance spectra of the sunscreen samples, AS30+ and
CB30 show low absorption in the UVA range, which indicates poor
UVA radiation protection of these samples.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Parameters calculated with absorbance spectra of the sunscreen products

Labelled UVA blocking

Sample SPF In vitro SPF CW (nm) Sul (%) UVA/UVB
CB 50+ 50+ 21.78 371 2.83 78.07 0.449
HT 50+ 50+ 95.02 380 17.92 95.9 0.826
HTSH 50+ 50+ 106.67 377 8.7 93.42 0.69

BBT 50 50 78.4 380 16.61 95.9 0.819

AS 30+ 30+ 15.07 345 1.61 56.67 0.277
BBT 30 30 34.64 376 9.1 87.7 0.688

CB 30 30 11.07 340 1.38 47.18 0.22

LD 15 15 17.84 374 8.39 82.49 0.681

erythema action spectrum, S(4) is the spectral irradiance (Wm >
nm '), A(A) is the spectral absorbance on the sunscreens, 4 is
the average spectral absorbance of the sunscreens from 290 nm
to 380 nm, and T(1) is the spectral transmittance of the
sunscreens. The obtained information was used as a reference
for this work. The CW must be equal to or greater than 370 nm
for that a product has good UVA protection® (broad-spectrum
protection), so it is possible to see that the CB30 and AS30+
samples do not meet this requirement. The SUI should be
evaluated as follows:" low, <2; intermediate, 2-4; high, 5-11;
very high, >12. Therefore, most of the samples satisfy this
requirement, except samples CB30 and AS30+, which have a low
SUI CB30 and AS30+ samples have a UVA/UVB ratio lower than
0.2. Sunscreen products with UVA/UVB ratio ranging from 0.21

to 0.4 present minimal UVA protection.®

The decreased UVA protection of the CB30 and AS30+
samples is also evident considering the percentage of UVA
blocking. This protection is around 50% for both cases,
compared to 80% or more for the other samples. Finally, the
SPF obtained for the CB50+, CB30, and AS30+ products is lower

than the SPF labeled by the manufacturers.
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Evaluation of UVA protection of sunscreens

The film PVDF/CDs-1200 was used to evaluate the UVA protec-
tion of the sunscreen products, as this film has a higher PL
emission in the visible spectrum than those of the rest of the
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Fig.11 Comparative of the transmittance curves (black) obtained by UV-vis spectroscopy and //lo curves obtained by fluorescence spectroscopy
of the (a) CB50+, (b) HT50+, (c) HTSH50+, (d) BBT50, (e) AS30+, (f) BBT30, (g) CB30, and (h) LD15 sunscreens. The curves show the protection
behavior of the sunscreen samples along the UV spectrum. The curves obtained by using the technique proposed in this work and those obtained

by UV-vis show similar behavior.
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films with lower content of CDs. The blue curves in Fig. 11 show
a ratio between fluorescence intensity (/) of the PVDF/CDs films
without sunscreen (blank) and the fluorescence intensity (I) of
the films coated with the different sunscreens. The wavelength
emission used to calculate the I/I, ratio was 456 nm. This
wavelength was used because the emission peak of the films
shifts towards blue as the excitation wavelength increases.
Moreover, this wavelength can be used to visually assess UVA
protection, as in the application reported in a later section.

A decrease in the fluorescence intensity of the coated films
indicates a higher level of UV protection of the sunscreens. In
other words, the higher the /I, ratio, the lower the protection of
the sunscreen for a specific wavelength. The blue curves reveal
how the level of protection decreases as the excitation wave-
length is closer to 400 nm. This behavior is similar to that of the
black curves (transmittance curves obtained from the absor-
bance measurements reported above) shown in the same figure.
The I/I, curves of the AS30+ and CB30+ samples reveal poor
protection in the UVA range. This behavior is in agreement with
the data in Table 1.

The 370 nm wavelength is a reference to identify the level of
UVA protection as indicated by the CW parameter. Therefore,
this wavelength was used to estimate the UVA protection level of
the sunscreen samples. The graph in Fig. 12 shows the /], ratio
for 370 nm excitation. The PVDF/CDs film without cream was
used as a blank. The films coated with the AS30+ and CB30
samples show higher I/I, than those coated with the other
sunscreen products. This fact indicates that the AS30+ and
CB30 do not have low protection in the UVA range.

Considering that I/I, = 1 indicates 0% protection (PVDF/CDs
without sunscreen), percentages of UVA protection were calcu-
lated for each sample. In Fig. 13, it can be seen an estimation of
the UVA protection percentage obtained through the proposed
evaluation mechanism. For comparison, the graph also shows
the UVA blocking percentages presented in Table 1. There is

Fig. 12 Level of fluorescence for sunscreen coated PVDF/CDs films
with respect to PVDF/CDs films without sunscreen. The AS30+ and
CB30 samples have a higher fluorescence than those of the other
samples.
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a similar trend in the percentages of UVA protection calculated
by the proposed method to those obtained by UV-vis spec-
trometry (in vitro technique).

It is necessary to mention the different sources of error that
should be considered in future research to evaluate the accuracy
of the proposed method. Most in vitro techniques to evaluate
SPF and UVA protection are based on the absorbance of
sunscreens deposited on substrates of different materials.****-
Therefore, there are different sources of error caused by human
error. The weighing of the sunscreen and applying the
sunscreens on the substrates are the primary error sources
identified in the literature.**” Although the method for
applying the creams used in this work is based on the protocols
reported in the literature,* it is necessary to propose new
techniques of sunscreen deposition to achieve a uniform
application of the sunscreen on the substrates.>®

Sunscreens have a certain degree of fluorescence®®*® that
may alter the measurements of the proposed method to eval-
uate UVA protection. However, considering the results obtained
in this work, the fluorescence of the sunscreens was not an
impediment to identify samples with poor UVA protection.
Additionally, the effects of sunscreen fluorescence can be
minimized by reducing the amount of sunscreen and incorpo-
rating CDs with higher levels of photoluminescence. In previous
research, fluorescence spectrometry was attempted to measure
the UV protection of sunscreens, but the technique was dis-
carded because of the poor fluorescence of the sunscreens.*®
This proposed method allows identifying products with inade-
quate UVA protection by using fluorescence properties of the
PVDF/CDs films.

Finally, a visual evaluation of the UVA protection can be
performed using a 365 nm commercial lamp. This wavelength
was selected because this wavelength is very close to the CW. As
shown in Fig. 14 photographs, the intensity of the luminescence
of the sunscreen coated films is also indicative of the level of
UVA protection of the samples. As in the previous tests, the poor
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Fig. 13 Comparative of UVA protection percentage obtained through
the proposed evaluation mechanism (fluorescence) and the absor-
bance measurements (UV-vis).
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PVDF/CDs

HTSH50+

Fig. 14 Visual evaluation of the UVA protection of sunscreen prod-
ucts, the higher the fluorescence, the lower the UVA protection of the
sunscreen.

UVA protection level of the AS30+ and CB30 samples is easily
identifiable. This proposed application can be an alternative to
identify the level of UVA protection of sunscreens products
rapidly. The quality control of sunscreen products can take
advantage of this proposed method to identify visually inferior
quality products. It is interesting to mention that machine
vision is a technology that has been recently used to provide
image-based inspection in quality control, allowing accurate
and precise measurements.®* This proposed method could
complement machine vision to create an automated method to
verify the UV protection of sunscreen products.

Resistance of CDs and PVDF/CDs films

Fig. 15 shows the photoluminescence behavior of PVDF/CDs
films in 8 cycles of applying sunscreen and cleaning with
ethanol. As seen in the graph, there is no degradation of the
fluorescent films when cleaned with ethanol, which indicates
the good chemical resistance of PVDF/CDs films. Furthermore,
since the fluorescence of the sunscreen coated films is fully
recovered after cleaning with ethanol, they can be reused in the
UV protection evaluation tests.

Resistance of PVDF/CD films to direct sunlight exposure

The graph in Fig. S4,7 shows a 19.5% decrease in the photo-
luminescence intensity of the films after 6 hours of continuous
exposure to sunlight. The duration of the proposed UVA eval-
uation mechanism does not exceed 10 minutes. Moreover, the
intensities of UV radiation applied to the films are lower than
those generated by the sun, then the PVDF/CDs films can be
used in the proposed tests without problems of photo-
luminescence degradation.

Additionally, the photostability of CDs for a time much
longer than 30 days has been reported for similar CDs,** which
is evidence of the potential of CDs for optical applications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Photoluminescence intensity of PVDF/CDs films in 8 cycles of

applying sunscreen and cleaning with ethanol. The photo-
luminescence remains stable in each cleaning cycle.

Evaluation of the UVA protection capacity of UV protective
glasses

Three commercial UV protective glasses of different brands
were visually evaluated to know their UVA protection capability.

j k |

Fig. 16 UVA protective glasses covering PVDF/CDs film (a, d, and g)
under daylight and (b, e, and h) under 365 nm excitation. (c, f, and i)
Fluorescence of the PVDF/CDs films on glasses. As comparison,
a standard glass substrate covering PVDF/CDs film (j) under daylight
and (k) under 365 nm excitation. (1) Fluorescence of the PVDF/CDs film
on glass.
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Fig. 17 Emission spectra and CIE chromaticity coordinates of WLEDS
fabricated with PVDF/CDs W and PVDF/CDs T. CIE coordinated were
calculated using the software GoCIE obtained from http://
faculty.iitr.ac.in/~krjt8fcy/gocie.html.

As shown in Fig. 16b, e, and h, the samples present a certain
level of protection against UVA radiation. For comparison, the
same test was performed with a standard glass substrate, which
offers no protection against UVA radiation. As shown in Fig. 16,
the fluorescence of the PVDF/CDs film is evident even when the
sample is covered with glass. The quality control of UV protec-
tive glasses is of great interest because UVA radiation can
promote retinal UV damage.** The proposed application can
also be used in machine vision for quality control purposes.

WLED application

The electroluminescent emission spectra (Fig. 17) of the WLEDS
are composed of two bands. The first peak, around 365 nm is
originated from the UV chip. The emission peak around 530 nm
is mainly derived from the photoluminescence of the PVDF/CDs
films. The CIE coordinates of the PVDF/CDs-W (0.32, 0.43) and
PVDF/CDs-T (0.33, 0.42) show white emission tending slightly to
green. The correlated colour temperatures of the prepared
PVDF/CDs-W and PVDF/CDs-T WLEDs are 5863 K and 5576 K,
respectively. Therefore, the fabricated WLEDs emit cool white
light,”” which can be very useful for office and outdoor illumi-
nation.* The differences observed between the emission peak
of this WLED (530 nm) and the emission peak of CDs (430 nm)
attributed to some form of energy transfer between CDs and
PVDF. WLEDs fabricated with PVDF/CDs solution dried at RT
and dried at 65 °C show similar emissions. As PVDF has good
chemical and UV degradation resistance, the proposed
composite (PVDF-CDs) can be a good candidate to fabricate
WLEDs for outdoor illumination after sufficient optimization of
UV component elimination.

Conclusions

This work offers an alternative way to quantify the UVA
protection capability of sunscreens using reusable polymeric
films, which could also allow measuring the UV protection
given from commercially available glasses (eyeglasses/window-
panes etc), clothing, and other UV protective elements. Addi-
tionally, the image-based evaluation of the UVA protection of
sunscreens and glasses can be exploited for machine vision-
based quality control applications to create automated
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verification systems. Finally, due to the fluorescent character-
istics of the proposed PVDF/CD films, the proposed composite
films can have great potential for fluorescence sensing and
WLED illumination applications.
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