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Background and Objective: We are exposed to solar radiation from early childhood, so learning different photoprotection strategies is fundamental. As a primary prevention tool, knowledge of the solar ultraviolet radiation to which we are exposed is fundamental. There are devices based on the color change of photochromic substances when exposed to UV radiation which are widely used as a tool for children’s play. The aim was to assess both quantitatively and qualitatively the effectiveness of the use of these devices under different conditions of simulated sun exposure.Materials and Methods: Ten commercial UV-indicating photochromic devices plus three pure photochromic substances were used. Photochromic devices belong to the spirooxazine family of molecules. They were exposed to different rates of UV radiation under a solar UV-visible simulator, and their velocity, degree of response, and color reversal time were analyzed both visually and objectively using a colorimeter based on three-dimensional CIE L*a*b* color space values. Activation response was also evaluated under different UV high-energy visible light wavelengths using different cut-off filters. Finally, the devices were exposed under high UV irradiance (corresponding to UVI of 10) and interposing sunscreens of different sun protection factors in order to evaluate their potentials as indicators for sunscreen re-application.Results: All the devices and pure substances offered color change almost immediately under simulated solar radiation. From very low irradiances (UVI >3), they saturated color, and it was not possible to observe and measure color change. The time to color reversal took longer than activation (from 60 s to obtain initial values). When devices were exposed to a UVI of 10 with topical sunscreen overlay, color was observed after 1 min irradiation even under SPF of 50+ sunscreen. Photochromic devices were activated under both UVA and high energy visible light.Conclusion: UV radiation indicators using photochromic substances which, although possible awareness-raising elements, are of limited use as indicators of UV radiation intensity and dosimetry. They are useful elements for detecting the presence/absence of UV radiation and do not distinguish between different UV radiation spectral bands. Moreover, their incorporation as photoprotective elements used by minors could lead to exposures that are not objectively controlled.Keywords: indicator bracelets, photochromic substances, photoprotection, ultraviolet radiation, children game
INTRODUCTION
According to data from the Spanish State Meteorological Agency, there are on average around 3,000 h of potential sun exposure per year in Spain and other southern European countries (Sánchez-Laulhé Ollero, 2021). This, together with social and cultural aspects, contributes to a high lifetime sun exposure (Aguilera, 2019). The lack of awareness of the risks of so much sun exposure is one of the most important health problems today (Gilaberte and González, 2010).
Both radiometers and spectroradiometers are used to determine the solar radiation to which we are daily exposed; these offer measurements such as the UV index (UVI), a measure established by the WHO to determine the levels of solar radiation with erythematic potential to which we may be exposed (Pérez Ferriols et al., 2014; ISO/CIE 17166, 2019).
At a social level, knowledge of the current UVI, as a tool for controlling this overexposure, can be discovered on the internet or by various smartphone applications (Turner et al., 2020). Easier tools developed to raise awareness about our exposure to the sun include UV indicator strips, based on photochromic substances, or substances that change color when exposed to UV radiation and reverse in the dark (Wang et al., 2018; Saric-Bosanac et al., 2019). Such UV detectors are based on photochromic chemical compounds which can absorb ultraviolet radiation between 280 and 400 nm and change their absorbance in the visible region of the spectrum—mainly red, violet, and blue. Molecules that exhibit photochromic properties, including azobenzene, spiropyran, spirooxazine, naftopyranes, diarylethene, or fulgide structures are the most widespread (Coelho, 2006; Tian and Zhang, 2016; Han et al., 2022; Kozlenko et al., 2023). These substances were introduced 1976 using polysulphone bands for dosimetry studies in medicine, sports, and education and for use in skin stickers, helmets, and hats (Challoner et al., 1976; Davis et al., 1976; Downs et al., 2019; Downs et al., 2020; Henning et al., 2022). Research on these substances is mainly focused on promoting awareness of the use of photoprotection tools by quickly observing the changes in UV radiation to which we are exposed at any given time. Spirooxazines are easy-to-handle and low-cost photochromic substances, and are extensively used as UV indicators in wristbands, fabrics, detectors in sunglasses, merchandising items, and even as elements in tattoo inks (Goudjil, 1996; Goudjil, 1998; Carrol, 1999; Kurz et al., 2020). The reversible color change of spirooxazines is observed after a closed spiro form absorbs UV radiation and opens into a merocyanine form (Tian and Zhang, 2016; Han et al., 2022). Recently, they have been used as detectors to promote the reapplication of sunscreens, being incorporated into stickers placed on the skin (Hacker et al., 2019; Horsham et al., 2020a). These could become very useful for teaching children about sun exposure (Garnacho Saucedo et al., 2020), although they could also promote uncontrolled overexposure to the sun if used as toys, which has recently raised doubt about their usefulness in photodermatological forums.
The main objective of this research was the qualitative and quantitative analysis of the color change performance of a set of photochromic devices based on spirooxazines, as well as the analysis of these pure component substances to assess their potential usefulness as UV exposure indicators.
MATERIALS AND METHODS
A comparative experimental analysis between different UV-indicator wristbands, cards, and stickers and pure photochromic substances was carried out. Ten UV-indicator devices and a sample of three photochromic substances in red, purple, and blue, which are the substances that make up the majority of devices in commercial use, were used. The devices were acquired as gift samples, purchased from specific photoprotection education websites, and the pure photochromic substances were purchased from Hali Industries Co. (Changzhou, China). No indications of the compositions of the photochromic substances were shown in the different devices since no specific regulation is applied to these elements in their commercialization (Han et al., 2022). After requesting information from suppliers, only the provider of pure photochromic substances answered us with information about their composition. The pure photochromic substances acquired were 1-photochromic blue dye 6′-(indolin-1-yl)-1,3,3-trimethylspiro[indoline-2,3′-naphtho[2,1-b][1,4]oxazine], 2-photochromic purple-violet dye (1,3,3-trimethyl-6'-(piperidin-1-yl)spiro[indoline-2,3′-naphtho [2,1-b][1,4]oxazine]), and 3-photochromic red dye ((1,3,3-trimethylindolino-6'-(1-piperidinyl) spironaphthooxazine). More information on the compounds of the formula was the use of plyyoxymethyleneamine as a stabilization photochromic dye and styrene maleic anhydremonomethyl-maleate polymer as support material. We received no answer from suppliers in three cases and responses about protection under trade secrecy were given in another three cases. Only in three cases of UV cards and wristbands indicated to us that they use the Technocolor Purple 3—another name for the red and purple pure spirooxacines. One company referred to us to the patents US5581090A and US5914197A regarding the use of spirooxazines. (Goudjil, 1996; Goudjil, 1998).
The following indicator element type samples were analyzed with red/purple spirooxazines.
 1. Bracelet of silicone UV test “Euromelanoma”. Seritec
 2. ISDIN UV tester. Isdin
3. Kids Sun Watch. IPS
4. Silicone bracelet UV solar reactive. Zhongyepei. China
5. Smart Sun. Bluemarionge Health
6. UV Test Card. HUXUAN. China
7. Quantadose multi UV wavelength photochromic card
8. UV detection stickers. Sunny Patch
9. Photochromic substance Halli HLPC—1 (Red) Hali Industries Co. Changzhou, China
10. Photochromic substance Halli HLPC—2 (Purple)
11. UVI Evo Advanced Protection. IPS
12. Hönle test UV strip
13. Photochromic substance Halli HLPC—3 (Blue)
UV exposure and color change measurement and observation
This study’s objective was to qualitatively and quantitatively determine the color change response of the devices under different UV exposure conditions. An Oriel 300 W solar simulator (Newport Co. Cleveland, Ohio, United States) was used as the UV-visible light source (290–750 nm). In order to avoid any temperature effect on photochromic responses, the solar simulator included a constantly refrigerated water column in order to avoid any infrared radiation that could increase temperature at the output level (see Figure 1 on the position of the Teflon tubes for the water refrigeration system). Thus, the temperature at the site of exposure was a constant 21–22 °C. The spectral distribution as well as the UV-visible irradiance of the solar simulator was characterized using a Macam SR9910-V7 double monochromator spectroradiometer (Irradian Co., Scotland, United Kingdom) with an Ulbrich integrating sphere (Figure 1), calibrated at the National Institute of Aerospatial Technologies of Spain against a NIST-certified calibrated halogen lamp (1000 W −50 cm distance). The spectral distribution of the full UV-visible radiation (290–750 nm) emitted by the solar simulator is shown in Figure 2. The maximum irradiance measured at 3 cm from the lamp output was 435 W m-2 in the interval of 290–750 nm and 57.6 W m-2 of total UV in the interval of 290–400. This irradiance corresponds to midday mean summer solar irradiance in latitudes of south Spain (36oN) (Figure 2). To obtain the different UVI values to which the photochromic devices were exposed, the erythemally weighted irradiance of the light source was characterized from the physical energy units per wavelength weighted by its erythematic potential according to ISO/CIE 17166:2019 (ISO/CIE 17166, 2019). The final values were expressed in terms of UV index (UVI) as explained by the WHO to make solar radiation with a erythematic effect more understandable (WHO Team, 2003). To obtain different UVI values in which samples were exposed, the spectroradiometer sensor was situated gradually at different distances from the light source (from 5.5 cm at UV of 10–40 cm at UVI of 0.25) (Table 1). The color grade of the photochromic devices was determined using a DermaLab Combo Series colorimeter (Cortex Technology ApS., Denmark) associated with calculation software (Figure 1). This device provides color values in three-dimensional space based on the L*a*b system proposed by the Commission Internationale de l'Éclairage (CIE) (Smith and Guild, 1931; van der Wal et al., 2013). Basically, since color is a subjective perception and interpretation, color space is widely used because it consistently correlates numerical color values with human visual perception. L* indicates lightness and a* and b* are the chromatic coordinates: a* = red/green coordinates (+a indicates red, −a indicates green) and b* = yellow/blue coordinates (+b indicates yellow, −b indicates blue). In this study, the chromatic coordinate a* (positive values indicating red intensity) was used for most of the red/purple samples, while the chromatic coordinate b* was used for blue photochromic (negative values indicating blue intensity).
[image: Figure 1]FIGURE 1 | (A) Image of the lighting system with solar simulator, spectral measurement system, and colorimeter. (B) Illumination of photochromic wristbands under solar simulator. (C) Color intensity measurement. (D) Purple color of a photochromic wristband under different UVI levels.
[image: Figure 2]FIGURE 2 | Spectral characteristics of transmitted UV-visible radiation (290–750 nm) from an Oriel solar simulator using a cut-off filter of 290 nm compared with the sun at midday on a mean summer day in Málaga (Spain). Solar spectrum was measured at midday (14:00 local time) in the second week of June 2022 using a MACAM spectroradiometer of double monochromator combined with an Ulbricht integrating sphere.
TABLE 1 | Values corresponding to total UV irradiance, corresponding erythematic irradiance, UVI at each of the distances between the emission source, and the place where the photochromic strips are placed. In colors, the UVI levels corresponding to the WHO recommendations are green-low; yellow-medium; orange-high; violet-extreme.
[image: Table 1]PROTOCOL
Five types of experiment were carried out to analyze the potential use of devices based on photochromic substances. Each experiment was performed in triplicate, and measurements were repeated twice per device (wristbands, UV detector, stickers, and pure photochromic substances) (Figure 3).
1. Activation time under very high UVI. Each UV device as well as pure photochromic substances were exposed to a constant UV irradiance of 57.6 W m-2, corresponding to a WHO Very High UVI value of 10 for 120 s, taking color measurements (a* or b* depending the color substance) during the test after 0, 7, 15, 30, 60, and 120 s.
2. Activation level by UVI value. Each device was exposed to different UVI values of 0, 0.25, 0.5, 1, 2, 3, 5, 7, and 10 for 60 s. The different UVI values were obtained by placing the photochromic devices at different distances from the emitting source of the solar simulator (Table 1).
3. Color reversal time. After color saturation under UVI of 10, each wristband was kept in darkness (samples and colorimeter sensor were placed into a closed box) and color measurements were made in same position of each UV device at 0, 15, 30, 60, and 120 s after exposure.
4. Activation level against different sunscreen application with different sun protection factors (SPF). An experiment was conducted to assess the potential of these devices as indicators of when the topical sunscreen should be reapplied. Two photochromic devices were used for the test: 1) a UV test card Huxuan (China) and 2) a Smart Sun band (Bluemarionge Health). For this purpose, a standard methacrylate plate (Schoemberg, Hamburg, Germany), used in the UVA sun protection test according to ISO 24443:2021 (ISO 24443, 2021) as skin simulating support, was placed on each photochromic band, and different sunscreen formulas were tested. These were the standard topical sunscreen P8 (expected sun protection factor of 60) from ISO 24444:2019 (ISO 24444, 2019) and one commercial sunscreen anthelios 50+ dermo-pediatrics gel ester from Laroche Posay (L'Oreal Co. Paris, France). Both products were applied at different concentrations diluted with the product excipient to obtain different mixtures with different SPF levels. They were diluted to 0% (excipient only), 12.5%, 25%, 50%, and 100% and applied on methacrylate plate at a concentration of 1.3 mg cm-2 following as per ISO 24443:2021. In vitro SPF values were 3.5, 5.9, 14.8, 29.6, and 59.2 for P8 formula and SPF of 4.1, 6.9, 17.3, 34.7, and 69.3 for Laroche Posay dermo-pediatrics sunscreen. The color level under different SPF combinations was measured after 60 s under UV irradiance of the solar simulator corresponding to a UVI of 10 (total UV irradiance of 57.6 W m-2).
5. Wavelength effect on activation level. In order to analyze the action spectrum of the spirooxazine-based photochromic substances activated by UV and visible light, one red UV detector card device as well as the pure red and blue photochromic substances (four replicas for each) were exposed under a solar simulator to a constant UV irradiance of 57.6 W m-2 (corresponding to a UVI value of 10). Different wavelength exposures were obtained using a set of different cut-off filters 290–450 nm (305, 310, 320, 330, 355, 370, 400, 420, and 450 nm Schott AG, Mainz, Germany). The values represent the approximate 50% transmission wavelength of each cut-off filter. The spectral characteristics of full and filtered UV and blue light by different cut-off filters is shown in Figure 3. In order to obtain the same light doses for all experiments, time exposure depended on the total transmitted light from 290 to 750 nm. Thus, exposure under filter with 50% transmission wavelength of 290 nm was 20 s and was gradually increased depending on the total irradiance measured (290-20 s, 305-21 s, 310-22 s, 320-23 s, 330-25 s, 355-25 s, 370-25 s, 400-28s, 420-30 s, 450-32 s).
[image: Figure 3]FIGURE 3 | Spectral characteristics of the transmitted UV-visible radiation (290-750nm) from an Oriel solar simulator using a set of different cut-off filters used to determine wavelength activation of photochromic substances.
RESULTS
Activation time
The activation response time of the different devices, photochromic wristbands, UV cards, UV stickers, and pure photochromic substances with respect to maximum value in relative units is represented in Figure 4. The response of most of the photochromic bands and pure photochromic red/purple substances was very fast, with color saturation of 7–15 s after illuminating the different as well as pure photochromic substances (Figure 4A). Only two wristbands needed 30 s to reach their maximum (Isdin Sun watch and Quantadose multi UV). The results were similar for the blue photochromic substances, with very fast activations reaching color saturation b* 7 s after illumination under simulated solar UV (Figure 4B).
[image: Figure 4]FIGURE 4 | Change in a* (green to red) and b* (blue to yellow), relative to the maximum a* and b* values (of the CIE Lab color space) with respect to exposure time under a solar simulated total UV irradiance corresponding to an UVI value of 10. (A) Bracelets, stickers, UV cards, and pure red and purple photochromic substances (color space a* with positive values). (B) Blue UV cards and photochromic substance (color space b* with negative values). Standard deviation of mean values is less than 5% (data not shown).
Color reversion
Color reversion in the dark after irradiation took much longer than color saturation under a high UVI index of 10 (Figure 5A in relative units with respect to maximum values time 0). An exponential a* color decay pattern was observed for the color reversion of photochromic devices and pure substances. In the case of the pure photochromic substances, both red and purple, the decay was gradual, up to 120 s, while the other photochromic bands and bracelets were near baseline at 60 s. A similar effect was observer for blue devices and pure photochromic substances (Figure 5B).
[image: Figure 5]FIGURE 5 | Change in a* (green to red) and b* (blue to yellow) (in relative units with respect to the initial maximum value of activation of the CIE Lab color space) in the dark after exposing several bracelets to a solar simulated total UV irradiance corresponding to an UVI value of 10. (A) Bracelets, stickers, UV cards, and pure red and purple photochromic substances (color space a* with positive values). (B) Blue UV cards and photochromic substance (color space b* with negative values). Standard deviation of mean values less than 5% (data not shown).
Color activation under different UVI values
The color response of the different devices, photochromic wristbands, UV cards, UV stickers, and pure photochromic was analyzed against exposure to different UVI levels (Figure 6 in relative units with respect to maximum values). All bands and pure photochromic substances showed color saturation (a* and b* values of the CIE Lab color space) when exposed to a very low UVI of 2–3 (Figure 6A). Only wristband 3 gradually increased the color level up to a UVI of 10. When color changes were analyzed by eye observation, the a* and b* color changes detected by the colorimeter were no longer visible to the human eye after 15 s under irradiances corresponding to a UV index of 2 and over (Figure 7).
[image: Figure 6]FIGURE 6 | Change in a* (green to red) and b* (blue to yellow) (from the CIE Lab color space) with increasing solar simulated total UV irradiance corresponding to an UVI increment from 0 to 10. (A) Bracelets, stickers, UV cards, and pure red and purple photochromic substances (color space a* with positive values). (B) Blue UV cards and photochromic substance (color space b* with negative values). Standard deviation of mean values is less than 5% (data not shown).
[image: Figure 7]FIGURE 7 | Photograph of the photochromic substances and two examples of UV detector devices after 15 s of exposure under different UV-visible irradiance corresponding to UVI from 1 to 10. M1 corresponds to a Kid Sun Watch (IPS), M2: UV Test Card (Huxuan), M3 Red pure photochromic substance, M4: UVI Evo Advance Protection (IPS) and M5: Pure blue photochromic substance.
The time necessary for activation of the two examples of photochromic substances as well as a red (Sunny patch photoprotection sticker) and blue (Hönle UV test strip) under different UV-visible irradiances corresponding to different UVI (from 1 to 10) is shown in Figures 8A–D. In all cases a gradual increase in color can be observed following a potential model of longer saturation times under lower UV-visible irradiance corresponding to lower UVI values. UVI over 5 required around 10 s for saturation. In the case of lower irradiances, saturation took 30 s. Similar results were observed in the case of blue devices. Differences observed in the velocity of saturation reflects the difficulty in determining a fixed time for using the photochromic devices as dosimeters, especially by simple observation as observed in the devices’ photos.
[image: Figure 8]FIGURE 8 | Time necessary for color activation measured in terms of a* (green to red) and b* (blue to yellow) (from the CIE Lab color space) in terms of relative values with respect to the maximum value, with increasing solar simulated total UV-visible irradiance corresponding to an UVI increment from 0 to 10. (A) Red photochromic substances (color space a* with positive values). (B) Sunny patch photoprotection sticker (red photochromic), (C) pure blue photochromic substance, and (D) Hönle UV test strip blue.
Activation under different sun protection factor sunscreens
To analyze spirooxazine-based photochromic substances as detectors for sunscreen reapplication, a photochromic detection band, the UV test card Huxuan red, a Sunny Patch photoprotection sticker (used as a sunscreen re-application photochromic device), and the pure red photochromic substance were used. Figure 9 shows the color changes of photochromic devices under PMMA plates with different SPF measured after 60 s under 57.6 W m-2 of UV, corresponding to a UVI of 10. In all cases, the increase in SPF produced a gradual exponential decrease in color level a* from the SPF of 0, or untreated plate which saturated the UV band, sticker, and pure red photochromic product with color. Although there was a gradual decrease in the degree of color, pink/red was visible to the naked eye, and, from SPF 17 for the standard P8 and 20 for the pediatric sunscreen, no further decrease was apparent to the naked eye. It could also be observed that even at protection factors 60 and 69 (high SPF of both sunscreens), after 1 min of exposure there was a UVI of 10. Only the Sunny patch photoprotection sticker showed no color change after 1 min under a UVI of 10. However, a value of a* color of 15 was again observed under SPF 30 under P8 sunscreen standard and, in cases of dermo-pediatrics SPF 50+ sunscreen, very low values of a* color were observed from SPF 17. Results indicate that photochromic substances are very sensitive to UV, and it was possible to observe color changes under SPF values sufficient for good photoprotection for skin that could lead to unnecessary reapplication of sunscreens in normal sun exposure.
[image: Figure 9]FIGURE 9 | Change in a* color values (of the CIE Lab color space) in the dark after exposing one UV detector test card and the red pure photochromic substance to different sun protection factors (SPF) after application of (A) P8 reference of the ISO 2444:2019 and (B) a pediatric SPF 50+ commercial sunscreen. The exposure time was 1 min under an irradiance of total solar simulated UV radiation of 45.7 W m-2, corresponding to an UVI of 10 after ponderation with respect to erythema action spectrum. The dashed lines indicate the color level when the pure photochromic substance or each device was non-irradiated (similar to that obtained when irradiated under highest SPF).
Finally, in order to analyze how the exclusion of parts of the UV-visible spectrum affects the activation of photochromic substances, some red and blue devices and pure substances were irradiated under a series of long-pass filters with a range of cut-off wavelengths; the results are shown in Figures 10–12. Both the pure red and red UV card as well as the pure photochromic substance as examples were analyzed, and the color reached after 20–25 s under cut-off wavelengths under 370 nm and did not vary (Figures 10, 11). The maximum color of the pigment activation was visually observed under the different cut-off filters with respect to the half of the irradiated surface not covered by the filters, as shown in the device photos. The color level after activation was gradually decreased for cut-off wavelengths of 370–400 nm, and exposure over 450 nm still showed a faint but significant color level of the photochromic substances after just 32 s of irradiation. Thus, spirooxazines as photochromic substances can be activated not only by UV radiation but also by high-energy visible radiation. Similar results were observed for blue devices (Figures 10–12).
[image: Figure 10]FIGURE 10 | Photographs as well as the figure of the change in a* color values (of the CIE Lab color space) after exposure of 30–35 seg under total UV-visible radiation corresponding to an UVI of 10 across different cut-off filters. Each wavelength indicates the approximate 50% transmission wavelength of each cut-off filter. Substances, included in a UV transparent plastic bag, were directly exposed to the solar simulator, and half of the surface was covered by the different cut-off filters. Non-irradiated half of the substance was made covering with a black PMMA piece.
[image: Figure 11]FIGURE 11 | Photographs as well as the figure of the change in a* color values (of the CIE Lab color space) after exposure of 30–35 seg under total UV-visible radiation corresponding to an UVI of 10 across different cut-off filters. Each wavelength indicates the approximate 50% transmission wavelength of each cut-off filter. UV detectors were directly exposed to the solar simulator and half of the surface was covered by the different cut-off filters. Non-irradiated half of the UV detector was made covered with a black PMMA piece.
[image: Figure 12]FIGURE 12 | Photographs as well as the figure of the change in b* color values (of the CIE Lab color space) after exposure of 30–35 seg under total UV-visible radiation corresponding to an UVI of 10 across different cut-off filters. Each wavelength indicates the approximate 50% transmission wavelength of each cut-off filter. Substances, included into a UV transparent plastic bag, were directly exposed to the solar simulator and half of the surface was covered by the different cut-off filters. The non-irradiated half of the substance was made covered with a black PMMA piece.
DISCUSSION
Protection against excessive exposure to solar UV radiation should begin in childhood due to high exposure. Both because of our social learning environment and the physiological need for vitamin D synthesis, sun exposure in children is high from an early age. It is in this learning process that tools such as UV radiation indicator bracelets, like those analyzed in this study, could be particularly useful in establishing good habits (Boldeman et al., 2004; Blázquez-Sánchez et al., 2021; Huh et al., 2021; Thoonen et al., 2021).
Previous results of this research group have shown experience with the use of bio-dosimeters (Biologically weighting UV dosimetry VioSpor, 2023; Horsham et al., 2020b), which at the research level have demonstrated great potential as biosensors. We have used these to characterize the daily exposures of athletes in Olympic competition (Gutiérrez-Manzanedo et al., 2023) or for occupational exposures of personnel at risk due to high sun exposure (physical education teachers, lifeguards, construction workers, and street cleaners) (Castro-Maqueda et al., 2019; de Troya Martín et al., 2021). However, in this study we have attempted to address the potential of spirooxazine films, which are widely used as UV detectors and as dosimeters (Thieden et al., 2000; Henning et al., 2022) due to their ease of use, reversibility of measurement, and low cost. Other bands of photochromic substances have been designed to indicate when photoprotection should be reapplied and even allow the application of the cream on the bracelet to indicate when the sunscreen is no longer effective (Horsham et al., 2020b). The results obtained in this work confirm these facts, as these bracelets are good indicators of UV presence/absence but do not offer potential utility as radiation level sensors or dosimeters. Horsham et al. (2020c) demonstrated that the use of these bracelets (presence of red color change) led to attitudinal changes in a population of 663 adolescents participating in a study of photoprotection and sun exposure behavior during an outdoor festival on the Gold Coast in Australia. These indicator bracelets prompted the use of sunglasses and topical sunscreen, although the decrease in sunburn was not significant.
The positive aspect of these widely used photochromic substances is that they require a very short activation time under the sun to show the assumed amount of radiation to which we would be exposed, while in total darkness, which would be ideal for their return to the pre-exposure state, it would take no more than 1 min for most of the substances to reverse, as demonstrated in the present work.
A limitation of the UVI indicator bracelets is their response to the light intensity to which we are exposed. From colorimetric analysis as well as from visual observation of the photochromic substances of different red and blue devices, no gradual increase in color depending on light intensity could be observed. In terms of total solar simulated UV radiation corresponding to UVI values of 2, the photochromic substances are saturated in almost all the devices and pure photochromic substances. This UVI of 2 corresponds to maximum values for winter days at our latitude. Therefore, we have an indicator of the level of exposure to UV radiation that offers the same color value at 10:00 intensities on a summer day (UVI of 2) as at 14:00 (UVI of 9–10) (Aguilera et al., 2020). When a deeper analysis regarding the potential as UV detectors of some example devices and pure red and blue photochromic substances was performed, the color activation under different cut-off filters again showed an important conclusion (Figures 10–12). All devices and pure substances showed similar color activation when UV radiation was cut off at 370 nm and under, with color saturation reached after activation in less than 25 s and with a lower level but significant activation when solar radiation was cut off over 400 nm. No significant added effect was found when UVB was included with UVA in the cut-off filter of 290 nm. When photochromic devices were exposed to only UVB (exposure under 5.8 W m-2 of a narrow Band UVB phototherapy lamp (Philips PL-S 9 W/01, Philips, Netherlands) with a peak at 311 nm), only faint activation was observed after 120 s (data not shown). A full color change should have occurred if the devices were responding to erythemal irradiance since this exposure has a UVI >10. Thus, the activation under solar simulated UV-visible radiation was mainly due to UVA radiation. It is therefore difficult to accurately correlate color changes with UVI as many suppliers indicate that UVI (related to erythemal wavelengths) depends mainly on UVB radiation. It is clear that when solar radiation increases to higher UVI values, solar UVA irradiance also increases, and we could correlate the activation of photochromic devices with respect to increased total UV radiation and, therefore, the UVI. However, the atmospheric conditions that affect UVI (clouds, ozone, aerosols) cannot be objectively quantified with photochromic devices because solar spectral characteristics change in these atmospheric conditions. Since photochromic-based devices respond to UV long wavelengths, and these longer wavelengths reach earth surface at much higher irradiances, the devices would be more informative as total UV dosimeters (mainly UVA radiation) than as UVI detectors.
A similar limitation applies to the use of spirooxazine-based photochromic substances as detectors for the reapplication of sunscreen (Hacker et al., 2019; Horsham et al., 2020a). A priori, a color change of the sticker placed on the skin and covered by sunscreen could give us an idea of when to re-apply the sunscreen. We found that when sunscreen with SPF over 60 was applied over the photochromic devices, the color was not altered over 1 min of exposure. However, when the same sunscreen was diluted with excipient in order to reach SPF of 30 and lower, color changes could be observed very quickly. This means that a user, only by simply observing the color of the photochromic device, can make a decision to reapply sunscreen even when it offers an SPF of 30 and does not really require reapplication. Again, the photochromic substances are very sensitive to UV, even when there is enough sunscreen on the skin and a user could decide to unnecessarily reapply it. Sunscreens with very high SPF ensure a long time of photoprotection on the skin. We should (based on color changes even at time interval of few minutes) follow international recommendations of reapplication every 2 h or when skin conditions have been altered (swimming, sport, skin friction) as the best way to protect against solar overexposure.
The photochromic responses of spirooxazine to temperature could also lead to color changes that not only depend on UV presence (di Nunzio et al., 2008). Thus, all our experiments have been done under controlled temperature conditions of around 21–22 °C; however, in normal use conditions, this temperature control does not exist, especially under elevated temperature exposure in summer. This could affect final readings of photochromic color change not only due to UV radiation.
In conclusion, wristbands, UV stickers, and UV detection cards based on photochromic substances as spirooxazine can serve as fast indicators of the presence/absence of UV, which, when translated into educational terms, could be useful for raising awareness among children of the importance of sun protection. Other uses such as UV level indication or objective sunscreen reapplication indication are limited, given our results. In addition, the lack of information associated with the use of such devices offered as promotional items increases the lack of objective control of UV exposure; therefore, the use of these color-changing devices should be limited to certain uses and not be used on a generalized basis.
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