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Reflectance spectroscopy has emerged as a powerful analytical technique in the field of dermatology, offering a non-invasive strategy to assess several cutaneous properties and skin response to topical products. By analyzing reflected light across different wavelengths, reflectance spectroscopy allows the quantification of cutaneous parameters, such as erythema index and melanin content. Moreover, this analytical technique enables the monitoring of any changes in skin physiology facilitating the assessment of long-term effects of topical products as well as predicting cutaneous diseases. This review provides an overview of the application of reflectance spectroscopy in investigating skin properties and reaction to topical applied products, including both pharmaceutical and cosmetic formulations, thereby aiding in the development of personalized solutions tailored to individual needs.
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1 INTRODUCTION
It is well known that the skin is the largest organ of the human body (Supe and Takudage, 2021) and that it acts as a protective barrier against physical, chemical, and biological factors also playing a crucial role in sensory perception (Harris-Tryon and Grice, 2022). Considering its functions, the human skin is highly dynamic and constantly responds to various stimuli, that are intrinsic and physiological (such as ageing) or extrinsic (such as environmental changes or exposure to UV radiations and/or different substances, including pharmaceutical and cosmetical products) (Bang and Choung, 2020; Blair et al., 2020). Each stimulus can be responsible for specific skin’s reactions, which are helpful in the evaluation of drug safety profiles, their pharmacological activity as well as the effects of products applied on the epidermis with cosmeceuticals purposes.
In fact, despite the difficulty of crossing the skin barrier (Yu et al., 2021), the topical application of drugs is preferred over other routes of administration both to exert local efficacy and (in some cases) to also exhibits a systemic action (de Macedo et al., 2020; Tijani et al., 2021; Pathania et al., 2022), stimulating growing scientific research for the design of new topical pharmaceutical formulations. For both pharmaceutical and cosmetic products, the application on skin represents a non-invasive, comfortable, and appreciated administration route, preferred by children and the older patients, particularly when involved in chronic therapies or treatments.
When a new formulation is tested, the assessment of skin reactions to topical products deeply relies on biased evaluations, such as visual inspection and patient- or customer-reported outcomes. While these methods provide valuable information, they often lack precision, reliability, and objectivity. On the other side, although greatly informative, the more invasive techniques such as skin biopsies are not practical for routine evaluation due to their discomfort and potential risks, including irritation, damage, or alteration of skin tissue (Logger et al., 2020).
Among the non-invasive techniques applied to human skin, reflectance spectroscopy has emerged as a promising technique for facilitating a comprehensive assessment of skin pathophysiology and responses to therapeutic reactions of topical products (Chen et al., 2023). By analyzing the interaction of the incident light with the skin, reflectance spectroscopy offers a wide range of data regarding skin physiology, morphology, and biochemical composition, monitoring changes in skin parameters before and after product application, thereby elucidating their effects on barrier function, pigmentation, and other relevant metrics.
Thanks to the possibility to record several parameters, in recent years, reflectance spectroscopy has become popular in various fields, including dermatology, cosmetics, and pharmaceuticals, due to its versatility, accuracy, and non-invasiveness. This technique encompasses a range of modalities such as diffuse reflectance spectroscopy, hyperspectral imaging, and Raman spectroscopy, each offering unique insights into skin properties and reactions.
This review aims to provide a recent literature revision on reflectance spectroscopy as a non-invasive strategy for exploring skin reactions to topical products. Hence, we discuss the principles inherent in the reflectance spectroscopy and explore the applications of this technique in dermatological research and cosmetic formulation. Furthermore, we critically highlight the advantages and limitations of this technique compared to traditional methods, providing a better understanding of its potential to revolutionize the assessment of skin responses to topical interventions.
2 REFLECTANCE SPECTROSCOPY
Reflectance spectroscopy represents a powerful analytical technique that has different implications in several scientific fields, including material science, chemistry, and biomedical applications (Morgan et al., 2016; Nilsson et al., 2017; Vananti et al., 2017; Mishra et al., 2018). This technique focuses on the measurement of the intensity of light reflected from a generic sample across different wavelengths (Wallace et al., 2009). By studying the reflected light, several information regarding the composition of the sample, the structure and other properties can be collected (Frei, 2019). Indeed, reflectance spectroscopy relies on the principle that different materials interact with light in unique ways, leading to distinctive spectral signatures (Ball, 2001). These signatures can be exploited for quantitative and qualitative analysis identifying any substance in a mixture and determining the concentration of substances, respectively (Ball, 2001; Frei, 2019). Furthermore, reflectance spectroscopy can provide insight into chemical interactions, electronic properties of materials and their surface morphology as well as distinguish between normal and diseased tissues (De Boer et al., 2018).
The reflectance spectrum is normally obtained using a spectrophotometer which compares the intensity of light incident to a generic sample and that reflected from it (Yoon and Yoon, 2016).
Several measurements such as diffuse reflectance, specular reflectance and hemispherical reflectance offer insights into various material properties (Nichelatti et al., 2007). Diffuse reflectance spectroscopy provides measurements of the scattered light from a sample surface; specular reflectance focuses on the reflection of light at specific angles from a smooth surface providing information about the roughness of a thin surface; hemispherical reflectance measures the total reflected light from a sample surface over a hemisphere and is particularly useful for curved surfaces. Here we focused on diffuse reflectance, which can be measured through spectroscopic or imaging methods and is particularly useful in the field of biomedical applications (Moy and Tunnell, 2016).
As an example, the skin can be subjected to optical diagnostic methods including diffuse reflectance spectroscopy (DRS) and diffuse reflectance imaging (DRI) being easily accessible. When an incident radiation encounters the skin, part of it is absorbed while the rest is partially reflected. Indeed, the photons are subjected to various interactions with the skin components (such as blood vessels, extracellular matrix, and other elements), which deviate their path and cause a partial scattering of light after a random number of events (Moy and Tunnell, 2016). Scattering coefficient, absorption coefficient and anisotropy define the interaction between light and skin, considering anisotropy as the quantification of forward scattering occurring in the tissue (Soltaninezhad et al., 2020).
Following the interaction with skin, as well as other biological tissues, the remitting light can be monitored in the diffuse reflectance, which is calculated in terms of light absorbed and scattered, and finally used to investigate the amounts of skin molecular components, i.e., skin chromophores. The principal chromophores of skin that guide the optical absorption are melanin, haemoglobin, carotene, and bilirubin, which have a specific range of values in healthy skin and can be used to predict suspicious lesions in case of significant alterations (Elisabeth, 2020).
From a clinical point of view, skin lesions cause alterations in optical properties leading to a darkening of skin and suggesting increased absorption, which can be detected using reflectance spectroscopy (Moy and Tunnell, 2016). Other diseases, such as basal cell carcinoma, lead to alterations in collagen and cell organization with a consequent decrease in optical light/photons scattering, which can be predictive of alterations, typical of a non-healthy skin (Rajaram et al., 2010; Moy and Tunnell, 2016).
Measurement of DRS is a rapid and non-invasive way to detect any cutaneous alteration. The wavelength is calculated according to the following equation (Moy and Tunnell, 2016):
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Where Iskin is the reflected light intensity spectra obtained from the skin, Ibackground is the background intensity spectra, Istandard is the reflected light intensity spectra recorded from a well-known reflectance standard.
Following the collection of data relative to diffuse reflected light, the spectrophotometer will finally provide spectral analyses. This tool is very simple to use and is composed of a probe, which is directly placed on the sample or skin to emit light and collect spectra. The spectrophotometer is able to measure the entire spectral composition of light (360–700 nm) (Morris, 2008). It always provides systems for the distribution of a wide range of illuminants, and then it highlights color differences that are not visible to the naked eye. Halogen lamps, xenon lamps and white Light Emitting Diodes (LEDs) are only some examples of light sources for DRS (Moy and Tunnell, 2016).
Similarly to DRS, DRI represents a quantitative technique though it determines optical absorption and optical scattering through images of diffuse reflectance.
Information about pigmentation and erythema as well as cutaneous physiology can be easily evaluated by calculating the intensity of light reflected from skin. Regarding these evaluations, it is important to mention the CIE color system, which is an international standard adopted by the Commission Internationale d'Eclairage (CIE) which gives an objective color estimation (Green, 2023). One of the most widely used CIE color system is CIE L*a*b* which operates considering L*, a* and b* values referred to lightness, red/green intensity, and yellow/blue intensity, respectively. Each value correlates with cutaneous parameters, where a* parameter is useful to quantify erythema, while L* and b* indicate the degree of pigmentation (Fajuyigbe et al., 2018; Das et al., 2021). More specifically, L* indicates lightness, measuring the intensity of pigmentation on a scale from 0 (black) to 100 (white). The a* coordinate indicates the green-red axis, ranging from −127 to +127, reflecting skin redness—higher positive values indicate greater redness or inflammation. Meanwhile, b* signifies the blue-yellow axis within the same range, correlating with the yellowness or sallowness of the skin. Using this system, it is possible to compare distinct color spaces excluding variations dependent on devices or visual skills of the observer.
Commonly, a generic colorimeter breaks the light down into three primary colors (red, green, and blue–RGB components) similar to the human eye. However, color’s numeric values are subsequently obtained using CIE color space, interpreting measurements in a color space graph. Also, colorimetric devices present great potential in clinical application detecting skin colors using the L*a*b* values. Nevertheless they are limited by their inability to distinguish between metameric colors, characterized by superimposable appearance but with spectral divergences.
Overall, colorimeters and spectrophotometers are mostly used for the quantification of colors and both often involve the analysis of the wavelength that is reflected from the sample (Figure 1).
[image: Figure 1]FIGURE 1 | Operating principles of a) colorimeter and b) spectrophotometer. The general operating principles are similar between both systems. A light source emits wavelength onto a sample. Reflected light is captured by a colorimeter and filtered through the trichromatic filter or goes through a device that selects wavelengths between 360 and 700 nm. Specific spectral sensors process data sending them to a digital converter.
3 TOPICAL APPLICATION OF REFLECTANCE SPECTROSCOPY
In the last decades, the potential use of spectroscopy in clinical and biomedical fields paved the way to an improvement among skin instrumental assessment. Despite the main exponents of spectrophotometers being designed for operating across the entire optical spectrum (from ultraviolet to near-infrared part), the majority of scientific evidence reported in recent literature has been based on the use of reflectance spectroscopy in the visible spectrum, where is possible to find the absorption peaks of important cutaneous chromophores (Minakawa et al., 2023).
The major chromophores found within the outermost layer of skin comprise haemoglobin and melanin and possess unique optical absorption characteristics within the visible wavelength spectrum (Kikuchi et al., 2015). Haemoglobin can exist in the microvascular network of the dermis in two forms: oxygenated and deoxygenated. The absorption spectra of these haemoglobin derivatives exhibit noticeable distinctions (Nkengne et al., 2018), attributable to the alterations in light absorption spectrum brought about by the binding of oxygen to haemoglobin. Monitoring the amount of oxygenated haemoglobin in comparison with total haemoglobin in a tissue, the tissue oxygen saturation can be estimated and used as an indicator of peripheral tissue oxygen condition.
Melanin is a natural pigment of skin, located in the epidermis and it possesses several biological functions, above all protection from solar radiation and antioxidant defense (Solano, 2020). On the other hand, the production of melanin is involved in pigmented skin lesions such as freckles, lentigines, melasma (Thawabteh et al., 2023), seborrheic keratosis (Cheong et al., 2021), solar keratosis, basal cell carcinoma, and melanoma (Slominski et al., 2022).
The skin color is due to the combination of skin chromophores red (oxyhaemoglobin), blue (deoxygenated haemoglobin), and brown (melanin) (Ortonne, 2012). Fortunately, a variation in skin color due to chromophores concentration variation is not always related to severe pathological conditions but it can be related to skin response to some external stimuli, such as the application of topical products. Reflectance spectroscopy has been in vivo used by some research groups to monitor the safety profile of pharmaceutical and cosmetical products or the pharmacological efficacy of topical formulations containing, for example, anti-inflammatory drugs, but also for monitoring eventual UV-induced erythema (Liebold et al., 2000) (Table 1). This non-invasive technique can be useful during the design and characterization of new topical products since the skin could respond to new formulations or new raw materials (for example, preservatives) with undesirable signs (Bilal and Iqbal, 2019), such as irritation, redness, and skin color changes, often not visible to the naked eye. In particular, the redness possibly induced by cosmetics is taken as an indicator of inflammation, but it cannot be used alone to assess all types of skin reactions (Hermanns et al., 2000). Erythema is produced when irritants, allergens and short-wavelength ultraviolet light applied on the skin induce a dilation of blood vessels close to the skin surface. Skin color can be measured instrumentally using reflectance techniques, taking into account the quantification of haemoglobin (erythema index), and obtaining results more objective, reproducible, and quantitative data than visual scoring. The first reflectance spectrophotometers were initially developed for reproducible color documentation in paint and textile industry; it was later proposed to use broadband visible light to quantify erythema. This new approach is based on the tristimulus L*a*b* system of the CIE (ISO/CIE 11664-4:2019). Several studies have been performed from our research group using reflectance spectrophotometer, with the aim to evaluate the safety and the efficacy profiles of topical formulations, by measuring erythema index before and after application of products on human healthy volunteers. The method is ancient although poorly used for this specific purpose. This approach of reflectance analysis provides spectra of skin reflectance, typically within the 400–700 nm range. These spectra allow for the derivation of various color space values (such as CIELab, Lch, etc.) using different CIE illuminants (C, D65, D50, A, etc.) and illuminant observers at either 2 or 10°. By analyzing spectral data, it becomes possible to compute the relative reflectance or the logarithm of inverse reflectance (LIR) at different wavelengths, indicating the absorption of skin chromophores like haemoglobin and melanin. As erythema primarily results from increased haemoglobin content in skin vessels, EI values are determined by subtracting LIR values at 510 and 610 nm (mainly reflecting melanin absorption) from the sum of haemoglobin LIR values at 540, 560, and 580 nm, corresponding to haemoglobin absorption peaks (Saija et al., 2000). The following equation permits to calculate a possible induced erythema:
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where R symbolizes the reflectance at a specific wavelength (510, 540, 560, 580, 610).
TABLE 1 | Application of reflectance spectroscopy in cosmetic, nutraceutical and pharmaceutical fields.
[image: Table 1]In a very recent scientific work (d Avanzo et al., 2024), we used X-Rite Ci62 spectrophotometer to detect any variations of skin color following the application of cosmetic emulsions prepared by using natural extracts. In this work, baseline values of the erythema index (E.I.) were measured for each anatomical site considered in the study, and they were compared with the erythema index values re-obtained after prefixed times (Figure 2). We have demonstrated, by using these non-invasive and comfortable techniques, that the proposed cosmetic emulsions did not induce any detectable variation in erythema index compared to the baseline values, confirming the safety profile of samples and excluding irritating effects of tested products (d Avanzo et al., 2024). On the contrary, the proposed formulations have proven to be able to mask this effect, probably also thanks to the soothing action of the excipients used, such as sweet almond oil (Ramadan, 2019).
[image: Figure 2]FIGURE 2 | Variation of erythematous index values after the administration of cosmetic emulsions containing natural extracts. Saline solution (NaCl 0.9% w/v) was used as control studies. Reproduced with permission from (41), Cosmetics; published by MDPI, 2024.
In the study mentioned, the forearms of human volunteers have been chosen as application sites for topical formulation. Certainly, forearms are considered comfortable sites for human tests, but care must be taken in choosing specific sites on the forearm. Generally, the most peripheral positions, close to the wrist and elbow, are particularly reactive than others (Sivesind and Maibach, 2022); moreover, often the two forearms of each human volunteer could induce the detection of different baseline values. For these reasons, it is very important to standardize the procedure of testing, to limit the analysis on the same longitudinal axis limited to the mid-forearm, and to increase the number of replicates.
Another work investigated the safety profile of four commercially available soap bars (alkaline soap bar, glycerin soap bar, creamy soap bar, and syndet bar) (Khosrowpour et al., 2019), considering that soaps and surfactants can cause irritant skin reactions (Van Scott and Lyon, 1953). In this work two parameters for stratum corneum integrity have been evaluated: transepidermal water loss and erythema index, indicating different potential damages affecting the skin. The results obtained in the study of Khosrowpour and co-authors highlighted a marked difference in skin reactions after the application of the four soap bars. In detail, the erythema index was monitored by using a reflectance spectrophotometer and it has been demonstrated that the erythema index was reduced significantly 72 h after the application of the creamy soap sample, and the author assumed that this reduction was due to the presence of lanolin in the tested formulation (Wright et al., 2016). This reduction in the erythema index and therefore the restoration of the basal condition of the skin were not recorded in the skin sites where alkaline soap was tested.
A similar experimental design is followed by several research groups to evaluate not only the skin tolerability of formulation but also the efficacy of cosmetic/pharmaceutical topical formulation in reducing erythema, redness, and other skin signs (Puglia et al., 2014; Sparavigna et al., 2014; Cristiano et al., 2021; Mancuso et al., 2021; Zhang et al., 2021; Cristiano et al., 2022).
For monitoring the efficacy of topical formulations or nutraceutical supplements on skin health and on the resolution of skin erythema, two paths can be pursued: testing the formulation on human volunteers already affected by skin signs or testing the formulation on human healthy volunteers after having deliberately induced skin erythema using a chemical agent or UV lamp (Puglia et al., 2014; Sparavigna et al., 2014; Barone et al., 2020; Zhang et al., 2021; Cristiano et al., 2022).
Recruiting human volunteers suffering from a particular skin condition is not simple but very useful for evaluating the effectiveness and tolerability of a certain formulation. This is the case of the scientific work carried out by Sparavigna et al. (2014), in which the use of reflectance spectroscopy was essential to demonstrate the efficacy of a topical formulation for rosacea. Since rosacea is a chronic inflammation skin disorder characterized by persistent redness and appearance of visible blood vessels (Two et al., 2015), reflectance spectroscopy is a suitable method for monitoring the progression/regression of the pathology (Logger et al., 2020). The formulation tested by the authors was a topical formulation prepared by using a patented combination of ingredients that promised moisturizing, restoring and hydrating effects on the skin. During the long-term study, the human volunteers affected by rosacea were enrolled and invited to apply the tested formulation for 8 weeks. The erythema index evaluation, by using non-invasive reflectance spectroscopy, was performed on the face at time 0 (used as baseline, pretreatment), after 4 weeks of treatments (as intermediate time) and at the final Week 8 visit. This technique enabled the identification of very small variations in erythema index, which are indicative signs of rosacea but are not appreciable to the naked eye. The authors of this study demonstrated that the proposed formulation was able to induce the reduction of rosacea signs (erythema and haemoglobin index) already after 4 weeks of treatments.
Another example of reflectance spectroscopy application for confirming the efficacy of topical formulation has been presented by Zhang et al. (2021). Also in this case, the study was carried out on human volunteers already affected by skin disorders; in detail 35 human female volunteers with visible and persistent erythema on the face upon exposure to ordinary skin care products were enrolled and were invited to apply 2 pumps of one of two creams (control cream and natural extracts-loaded cream) to each side of the face twice daily. After a treatment period of 28 days, the skin application of both formulations induced an improvement of skin conditions in volunteers, recording a significant reduction in a* values, analyzed by reflectance spectrophotometer, indicating a reduction in erythema index (Fajuyigbe et al., 2018).
In some cases, the evaluations on topical products which boast effectiveness, such as anti-inflammatory activity, require a preliminary induction of a controlled erythema condition. In these cases, the use of the reflectance spectroscopy technique is essential both to monitor the establishment of a suitable degree of chemically induced inflammation of the skin, in terms of erythema and to monitor the reduction of redness thanks to the anti-inflammatory activity of the formulation.
This is a typical approach used by our research group to evaluate the anti-inflammatory efficacy of a new topical formulation (Cristiano et al., 2022; Cristiano et al., 2021; Barone et al., 2020; Bruno et al., 2022; Rinaldi et al., 2022; d Avanzo et al., 2022). The protocol provides for the application of an aqueous solution of methyl-nicotinate (0.2% w/v) for the chemical induction of erythema. Methyl nicotinate is a rubefacient substance that induces local erythema and redness, due to a transient increase in the skin perfusion (Elawa et al., 2020). It is important to consider that the erythematous effect of methyl nicotinate is concentration- and contact time-dependent, and reflectance spectroscopy can be employed to monitor the change in skin color and to measure differences in cutaneous inflammatory reaction between the control (placebo)-treated group and the formulation-treated group (Jumbelic et al., 2006). Thanks to this investigation approach, it is possible to evaluate the efficacy of a new formulation or new ingredient in terms of inflammation signs reduction using the non-invasive but objective technique, also safeguarding the wellbeing of the subject. In fact, given the high sensitivity of reflectance spectroscopy, it is eventually possible to stop the in vivo experimentation when the redness exceeds certain limits, even those not visible to the naked eye.
This is particularly useful when the erythema is physically inducted, as in the case of UV lamp irradiation. UVB-induced skin erythema can be monitored, again using reflectance spectroscopy, when the effectiveness of topical photoprotective products must be investigated. In a scientific work carried out by Saija et al. (2000), reflectance spectroscopy was used to evaluate the efficacy of caffeic and ferulic acids as topical photoprotective molecules. The authors induced skin erythema on human volunteers by using an ultraviolet lamp, emitting in the range 290–320 nm, and the induction was monitored using a reflectance visible spectrophotometer X-Rite. After obtaining a suitable but not noxious erythema, the inflamed skin sites of human volunteers were treated with a saturated aqueous solution of caffeic or ferulic acid. At the end of the time foreseen for the treatments, any reduction of photoinduced erythema and recovery of physiological parameters were investigated through reflectance spectroscopy comparing results obtained by sites treated with caffeic and ferulic acids with that of untreated sites. These two hydroxycinnamic acids proved to afford relevant cutaneous protection against UV-B-induced erythema, correlated to their antioxidant/radical scavenging effectiveness. Indeed a great reduction in erythema index values was recorded over time on treated skin sites previously exposed to UV-B radiation and this reduction was relevant if compared to the physiological recovery obtained in untreated sites.
Reflectance spectroscopy is not only important in evaluating the effects induced by cosmetic and pharmaceutical products for topical use on the skin but it also plays a fundamental role in the characterization of cutaneous formulations. Such an example reflectance spectroscopy is involved in the detection of any unauthorized whitening substances that could cause damage to the skin for chronic treatments as well as being able to detect substances present in lipsticks and nail polishes, playing a fundamental role in forensic purposes (Deconinck et al., 2014; Wong et al., 2019; Chophi et al., 2021).
4 CONCLUSION AND FUTURE PERSPECTIVES
In conclusion, reflectance spectroscopy emerges as a valuable tool for investigating several dermatological conditions and evaluating skin reactions to topical products in a non-invasive, objective, and quantitative manner. By harnessing the power of light, this technique offers unprecedented insights into the complex interplay between skin and topical interventions, paving the way for enhanced product development and personalized skincare regimens. Indeed, its ability to provide qualitative and quantitative information about cutaneous features, such as pigmentation and microcirculation offers valuable insight for both clinical diagnosis and product formulation. Its non-destructive assets make it particularly suitable for longitudinal studies and daily monitoring of treatment progress. However, further research is needed to standardize protocols, improve data interpretations, and validate its efficacy across different formulations and skin types. The standardization of spectroscopic investigation on human skin is fundamental to reduce errors. A better clarification of the skin components responsible for the optical properties of the skin and the resulting spectroscopic signals can widen the scope of applicability of reflectance spectroscopy in the dermatological field and be even more reliable in predicting the onset of skin pathologies. Nevertheless, considering the constant advancement in technology, reflectance spectroscopy holds great potential in influencing the field of dermatology and cosmetology, contributing to the improvement of patient care and product safety.
AUTHOR CONTRIBUTIONS
AM: Writing–original draft. Nd’A: Writing–original draft. MC: Conceptualization, Writing–review and editing. DP: Conceptualization, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was funded by the Next-Generation EU-Italian NRRP, Mission 4, Component 2, Investment 1.5, call for the creation and strengthening of ‘Innovation Ecosystems’, building “Territorial R&D Leaders” (Directorial Decree n. 2021/3277)—project Tech4You—Technologies for climate change adaptation and quality of life improvement, n. ECS0000009. This work reflects only the authors’ views and opinions, neither the Ministry for University and Research nor the European Commission can be considered responsible for them. This work was funded by Department of Medical and Surgical Sciences.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ball, D. W. (2001) The basics of spectroscopy. Germany: Spie press. 
 Bang, J. S., and Choung, S.-Y. (2020). Inhibitory effect of oyster hydrolysate on wrinkle formation against UVB irradiation in human dermal fibroblast via MAPK/AP-1 and TGFβ/Smad pathway. J. Photochem. Photobiol. B Biol. 209, 111946. doi:10.1016/j.jphotobiol.2020.111946
 Barone, A., Cristiano, M. C., Cilurzo, F., Locatelli, M., Iannotta, D., Di Marzio, L., et al. (2020). Ammonium glycyrrhizate skin delivery from ultradeformable liposomes: a novel use as an anti-inflammatory agent in topical drug delivery. Colloids Surfaces B Biointerfaces 193, 111152. doi:10.1016/j.colsurfb.2020.111152
 Bilal, M., and Iqbal, H. M. (2019). An insight into toxicity and human-health-related adverse consequences of cosmeceuticals—a review. Sci. total Environ. 670, 555–568. doi:10.1016/j.scitotenv.2019.03.261
 Blair, M. J., Jones, J. D., Woessner, A. E., and Quinn, K. P. (2020). Skin structure–function relationships and the wound healing response to intrinsic aging. Adv. wound care 9 (3), 127–143. doi:10.1089/wound.2019.1021
 Bruno, M. C., Gagliardi, A., Mancuso, A., Barone, A., Tarsitano, M., Cosco, D., et al. (2022). Oleic acid-based vesicular nanocarriers for topical delivery of the natural drug thymoquinone: improvement of anti-inflammatory activity. J. Control. Release 352, 74–86. doi:10.1016/j.jconrel.2022.10.011
 Chen, Y.-Y., Tzeng, S.-Y., Yen, Y.-Y., Cheng, N.-Y., and Tseng, S.-H. (2023). Non-invasive assessment of skin hydration and sensation with diffuse reflectance spectroscopy. Sci. Rep. 13 (1), 20149. doi:10.1038/s41598-023-47349-5
 Cheong, K. A., Kil, I. S., Ko, H. W., and Lee, A.-Y. (2021). Upregulated guanine deaminase is involved in hyperpigmentation of seborrheic keratosis via uric acid release. Int. J. Mol. Sci. 22 (22), 12501. doi:10.3390/ijms222212501
 Chophi, R., Sharma, S., and Singh, R. (2021). Discrimination of nail polish using attenuated total reflectance infrared spectroscopy and chemometrics. Aust. J. Forensic Sci. 53 (3), 325–336. doi:10.1080/00450618.2020.1713212
 Cristiano, M. C., Barone, A., Mancuso, A., Torella, D., and Paolino, D. (2021). Rutin-loaded nanovesicles for improved stability and enhanced topical efficacy of natural compound. J. Funct. biomaterials 12 (4), 74. doi:10.3390/jfb12040074
 Cristiano, M. C., d’Avanzo, N., Mancuso, A., Tarsitano, M., Barone, A., Torella, D., et al. (2022). Ammonium glycyrrhizinate and Bergamot essential oil co-loaded ultradeformable nanocarriers: an effective natural nanomedicine for in vivo anti-inflammatory topical therapies. Biomedicines 10 (5), 1039. doi:10.3390/biomedicines10051039
 Das, K., Yuasa, T., Maeda, T., Nishidate, I., Funamizu, H., and Aizu, Y. (2021). Simple detection of absorption change in skin tissue using simulated spectral reflectance database. Measurement 182, 109684. doi:10.1016/j.measurement.2021.109684
 d Avanzo, N., Cristiano, M. C., Di Marzio, L., Bruno, M. C., Paolino, D., Celia, C., et al. (2022). Multidrug idebenone/naproxen co-loaded aspasomes for significant in vivo anti-inflammatory activity. ChemMedChem 17 (9), e202200067. doi:10.1002/cmdc.202200067
 d Avanzo, N., Mancuso, A., Mare, R., Silletta, A., Maurotti, S., Parisi, O. I., et al. (2024). Olive leaves and citrus peels: from waste to potential resource for cosmetic products. Cosmetics 11 (2), 41. doi:10.3390/cosmetics11020041
 De Boer, L. L., Bydlon, T. M., Van Duijnhoven, F., Vranken Peeters, M.-J. T., Loo, C. E., Winter-Warnars, G. A., et al. (2018). Towards the use of diffuse reflectance spectroscopy for real-time in vivo detection of breast cancer during surgery. J. Transl. Med. 16, 367–414. doi:10.1186/s12967-018-1747-5
 Deconinck, E., Bothy, J., Desmedt, B., Courselle, P., and De Beer, J. (2014). Detection of whitening agents in illegal cosmetics using attenuated total reflectance-infrared spectroscopy. J. Pharm. Biomed. Analysis 98, 178–185. doi:10.1016/j.jpba.2014.05.011
 de Macedo, L. M., Santos, É.Md, Militão, L., Tundisi, L. L., Ataide, J. A., Souto, E. B., et al. (2020). Rosemary (rosmarinus officinalis L., syn salvia rosmarinus spenn.) and its topical applications: a review. A Rev. Plants 9 (5), 651. doi:10.3390/plants9050651
 Elawa, S., Mirdell, R., Farnebo, S., and Tesselaar, E. (2020). Skin blood flow response to topically applied methyl nicotinate: possible mechanisms. Skin Res. Technol. 26 (3), 343–348. doi:10.1111/srt.12807
 Elisabeth, A. (2020). Skin color and pigmentation. Pract. Aspects Cosmet. Test. How Set up a Sci. Study Skin Physiology , 189–196. doi:10.1007/978-3-030-44967-4_17
 Fajuyigbe, D., Coleman, A., Sarkany, R. P., Young, A. R., and Schmalwieser, A. W. (2018). Diffuse reflectance spectroscopy as a reliable means of comparing ultraviolet radiation-induced erythema in extreme skin colors. Photochem. Photobiol. 94 (5), 1066–1070. doi:10.1111/php.12947
 Frei, R. W. (2019) Diffuse reflectance spectroscopy environmental problem solving. China: CRC Press. 
 Green, P. (2023). Colorimetry and colour difference. Fundam. Appl. Colour Eng. , 27–52. doi:10.1002/9781119827214.ch2
 Gui, M., Kan, J., Qu, D., Chen, Y., Luo, R., Liu, Y., et al. (2017). Instrumental evaluation of the depigmenting efficacy of an oral supplementation containing peptides and chrysanthemum extract for the treatment of melasma. Cosmetics 4 (4), 42. doi:10.3390/cosmetics4040042
 Harris-Tryon, T. A., and Grice, E. A. (2022). Microbiota and maintenance of skin barrier function. Science 376 (6596), 940–945. doi:10.1126/science.abo0693
 Hermanns, P., Piérard, F., and Piérard, H. (2000). Skin colour assessment in safety testing of cosmetics. An overview. Int. J. Cosmet. Sci. 22 (1), 67–71. doi:10.1046/j.1467-2494.2000.00021.x
 Jumbelic, L., Liebel, F., and Southall, M. (2006). Establishing a minimal erythema concentration of methyl nicotinate for optimum evaluation of anti-inflammatories. Skin Pharmacol. Physiology 19 (3), 147–152. doi:10.1159/000092595
 Khosrowpour, Z., Ahmad, N. S., Ayatollahi, A., Samadi, A., and Firooz, A. (2019). Effects of four soaps on skin trans-epidermal water loss and erythema index. J. Cosmet. dermatology 18 (3), 857–861. doi:10.1111/jocd.12758
 Kikuchi, K., Masuda, Y., Yamashita, T., Kawai, E., and Hirao, T. (2015). Image analysis of skin color heterogeneity focusing on skin chromophores and the age-related changes in facial skin. Skin Res. Technol. 21 (2), 175–183. doi:10.1111/srt.12174
 Liebold, K., Fassler, D., Schmidt, W. D., Kühn, T., and Wollina, U. (2000). In vivo spectroscopy in dermatology: methods and new fields of application. J. Eur. Acad. Dermatology Venereol. 14 (1), 1–4. doi:10.1046/j.1468-3083.2000.00011.x
 Logger, J., de Vries, F., van Erp, P. J., de Jong, E., Peppelman, M., and Driessen, R. (2020). Noninvasive objective skin measurement methods for rosacea assessment: a systematic review. Br. J. Dermatology 182 (1), 55–66. doi:10.1111/bjd.18151
 Mancuso, A., Cristiano, M. C., Pandolfo, R., Greco, M., Fresta, M., and Paolino, D. (2021). Improvement of ferulic acid antioxidant activity by multiple emulsions: in vitro and in vivo evaluation. Nanomaterials 11 (2), 425. doi:10.3390/nano11020425
 Minakawa, M., Wares, M. A., Nakano, K., Haneishi, H., Aizu, Y., Hayasaki, Y., et al. (2023). Measuring and imaging of transcutaneous bilirubin, hemoglobin, and melanin based on diffuse reflectance spectroscopy. J. Biomed. Opt. 28 (10), 107001. doi:10.1117/1.jbo.28.10.107001
 Mishra, V., Warshi, M. K., Sati, A., Kumar, A., Mishra, V., Sagdeo, A., et al. (2018). Diffuse reflectance spectroscopy: an effective tool to probe the defect states in wide band gap semiconducting materials. Mater. Sci. Semicond. Process. 86, 151–156. doi:10.1016/j.mssp.2018.06.025
 Morgan, M. S., Lay, A. H., Wang, X., Kapur, P., Ozayar, A., Sayah, M., et al. (2016). Light reflectance spectroscopy to detect positive surgical margins on prostate cancer specimens. J. urology 195 (2), 479–484. doi:10.1016/j.juro.2015.05.115
 Morris, R. (2008). Spectrophotometry. Curr. Protoc. Essent. Lab. Tech. 6 (1). 2.1. -2.1. 24. doi:10.1002/9780470089941.et0201s06
 Moy, A., and Tunnell, J. (2016) Diffuse reflectance spectroscopy and imaging. Imaging in dermatology. Germany: Elsevier, 203–215.
 Nichelatti, E., Montecchi, M., and Montereali, R. M. (2007). Hemispherical and diffuse reflectance and transmittance of a slightly inhomogeneous film bounded by rough, unparallel interfaces. Thin solid films 515 (11), 4640–4648. doi:10.1016/j.tsf.2006.11.185
 Nilsson, J. H., Reistad, N., Brange, H., Öberg, C.-F., and Sturesson, C. (2017). Diffuse reflectance spectroscopy for surface measurement of liver pathology. Eur. Surg. Res. 58 (1-2), 40–50. doi:10.1159/000449378
 Nkengne, A., Robic, J., Seroul, P., Gueheunneux, S., Jomier, M., and Vie, K. (2018). SpectraCam®: a new polarized hyperspectral imaging system for repeatable and reproducible in vivo skin quantification of melanin, total hemoglobin, and oxygen saturation. Skin Res. Technol. 24 (1), 99–107. doi:10.1111/srt.12396
 J. Ortonne (2012). Normal and abnormal skin color. Annales de Dermatologie et de Vénéréologie (Germany: Elsevier). 
 Pathania, Y. S., Apalla, Z., Salerni, G., Patil, A., Grabbe, S., and Goldust, M. (2022). Non-invasive diagnostic techniques in pigmentary skin disorders and skin cancer. J. Cosmet. dermatology 21 (2), 444–450. doi:10.1111/jocd.14547
 Pilkington, S. M., Rhodes, L. E., Al-Aasswad, N. M., Massey, K. A., and Nicolaou, A. (2014). Impact of EPA ingestion on COX-and LOX-mediated eicosanoid synthesis in skin with and without a pro-inflammatory UVR challenge–Report of a randomised controlled study in humans. Mol. Nutr. food Res. 58 (3), 580–590. doi:10.1002/mnfr.201300405
 Puglia, C., Offerta, A., Saija, A., Trombetta, D., and Venera, C. (2014). Protective effect of red orange extract supplementation against UV-induced skin damages: photoaging and solar lentigines. J. Cosmet. dermatology 13 (2), 151–157. doi:10.1111/jocd.12083
 Rajaram, N., Reichenberg, J. S., Migden, M. R., Nguyen, T. H., and Tunnell, J. W. (2010). Pilot clinical study for quantitative spectral diagnosis of non-melanoma skin cancer. Lasers Surg. Med. 42 (10), 716–727. doi:10.1002/lsm.21009
 Ramadan, M. F. (2019) Fruit oils: chemistry and functionality. Germany: Springer. 
 Rinaldi, F., Hanieh, P. N., Maurizi, L., Longhi, C., Uccelletti, D., Schifano, E., et al. (2022). Neem oil or almond oil nanoemulsions for vitamin E delivery: from structural evaluation to in vivo assessment of antioxidant and anti-inflammatory activity. Int. J. Nanomedicine 17, 6447–6465. doi:10.2147/ijn.s376750
 Saija, A., Tomaino, A., Trombetta, D., De Pasquale, A., Uccella, N., Barbuzzi, T., et al. (2000). In vitro and in vivo evaluation of caffeic and ferulic acids as topical photoprotective agents. Int. J. Pharm. 199 (1), 39–47. doi:10.1016/s0378-5173(00)00358-6
 Sivesind, T. E., and Maibach, H. I. (2022) Biophysical characteristics of skin: relation to skin of color, age, gender, and site. Handbook of cosmetic science and technology. USA: CRC Press, 1–17.
 Slominski, R. M., Sarna, T., Płonka, P. M., Raman, C., Brożyna, A. A., and Slominski, A. T. (2022). Melanoma, melanin, and melanogenesis: the Yin and Yang relationship. Front. Oncol. 12, 842496. doi:10.3389/fonc.2022.842496
 Solano, F. (2020). Photoprotection and skin pigmentation: melanin-related molecules and some other new agents obtained from natural sources. Molecules 25 (7), 1537. doi:10.3390/molecules25071537
 Soltaninezhad, M., Bavali, A., Nazifinia, Z., and Soleimani, V. (2020). Optical anisotropy measurement in normal and cancerous tissues: backscattering technique. Biomed. Opt. Express 11 (6), 2996–3008. doi:10.1364/boe.393079
 Sparavigna, A., Tenconi, B., and De Ponti, I. (2014). Preliminary open-label clinical evaluation of the soothing and reepithelialization properties of a novel topical formulation for rosacea. Clin. Cosmet. Investigational Dermatology 7, 275–283. doi:10.2147/ccid.s69410
 Supe, S., and Takudage, P. (2021). Methods for evaluating penetration of drug into the skin: a review. Skin Res. Technol. 27 (3), 299–308. doi:10.1111/srt.12968
 Thawabteh, A. M., Jibreen, A., Karaman, D., Thawabteh, A., and Karaman, R. (2023). Skin pigmentation types, causes and treatment—a review. Molecules 28 (12), 4839. doi:10.3390/molecules28124839
 Tijani, A. O., Nunez, E., Singh, K., Khanna, G., and Puri, A. (2021). Transdermal route: a viable option for systemic delivery of antidepressants. J. Pharm. Sci. 110 (9), 3129–3149. doi:10.1016/j.xphs.2021.05.015
 Two, A. M., Wu, W., Gallo, R. L., and Hata, T. R. (2015). Rosacea: part I. Introduction, categorization, histology, pathogenesis, and risk factors. J. Am. Acad. Dermatology 72 (5), 749–758. doi:10.1016/j.jaad.2014.08.028
 Vananti, A., Schildknecht, T., and Krag, H. (2017). Reflectance spectroscopy characterization of space debris. Adv. space Res. 59 (10), 2488–2500. doi:10.1016/j.asr.2017.02.033
 Van Scott, E. J., and Lyon, J. (1953). A chemical measure of the effect of soaps and detergents on the Skin1. J. investigative dermatology 21 (3), 199–203. doi:10.1038/jid.1953.90
 Wallace, M. B., Wax, A., Roberts, D. N., and Graf, R. N. (2009). Reflectance spectroscopy. Gastrointest. Endosc. Clin. N. Am. 19 (2), 233–242. doi:10.1016/j.giec.2009.02.008
 Wong, J. X., Sauzier, G., and Lewis, S. W. (2019). Forensic discrimination of lipsticks using visible and attenuated total reflectance infrared spectroscopy. Forensic Sci. Int. 298, 88–96. doi:10.1016/j.forsciint.2019.02.044
 Wright, C. Y., Karsten, A. E., Wilkes, M., Singh, A., Du Plessis, J., Albers, P. N., et al. (2016). Diffuse reflectance spectroscopy versus Mexameter® MX18 measurements of melanin and erythema in an african population. Photochem. Photobiol. 92 (4), 632–636. doi:10.1111/php.12607
 Yoon, J.-Y., and Yoon, J.-Y. (2016). Spectrophotometry. Introd. Biosens. Electr. Circuits Immunosensors , 127–152. doi:10.1007/978-3-319-27413-3_8
 Yu, Y.-Q., Yang, X., Wu, X.-F., and Fan, Y.-B. (2021). Enhancing permeation of drug molecules across the skin via delivery in nanocarriers: novel strategies for effective transdermal applications. Front. Bioeng. Biotechnol. 9, 646554. doi:10.3389/fbioe.2021.646554
 Zhang, Y., Jin, Y., Humbert, P., Fan, X., Cha, Y., Guo, Y., et al. (2021). An herbal cream reduces erythema of sensitive skin. J. Cosmet. Dermatology 20 (3), 792–797. doi:10.1111/jocd.13610
 Zhao, Q., Dai, C., Fan, S., Lv, J., and Nie, L. (2016). Synergistic efficacy of salicylic acid with a penetration enhancer on human skin monitored by OCT and diffuse reflectance spectroscopy. Sci. Rep. 6 (1), 34954. doi:10.1038/srep34954
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Mancuso, d’Avanzo, Cristiano and Paolino. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_qu2.gif





OPS/images/fchem-12-1422616-t001.jpg
Category

Cosmetics

Nutraceuticals

Pharmaceuticals

Products/Key ingredients

Face cream (O/W emulsion) containing olive leaves
and citrus peels extracts; nanoemulsions for vitamin E

delivery

Syndet, glycerin, and creamy soaps

Multiple emulsions containing ferulic acid

Investigation

Skin tolerance as variations of erythema index values

(AEL) compared to baseline values

Skin erythema appearance compared to traditional

alkaline soaps

Photoprotective Effects against UV-induced skin

damage

Reference

d Avanzo et al. (2024), Rinaldi et al.
(2022)

Khosrowpour et al. (2019)

Mancuso et al. (2021)

Farmaka Rosacea Cream

Herbal cream

Soaked cotton pads and cosmeceutical facial masks

Whitening agents

Reflective particles and functional groups

Orange extract supplementation

Eicosapentaenoic acid

Oral supplementation with peptides and
chrysanthemun extracts

Ultradeformable nanocarriers containing ammonium

glycyrrhizate; rutin-loaded nanovesicles;

thymoquinone-loaded oleic acid-based vesicular

nanocarriers containing thymoquinone;
nanoemulsions

Nanomedicines contained a combination of drugs and

other active compounds

Salicylic acid with penetration enhancer

Soothing and reepithelization properties

Reduction in erythema in sensitive skin

Investigation of skin absorption and scattering
modulation caused by changes in skin hydration state

Detection of suspicious products

Non-destructive characterisation of lipsticks or nail

polish for forensic purposes

Photoprotective Effects against UV-induced skin

damage

Evaluation of any difference in the slope of the dose
response curve post supplementation with EPA
compared to control group treated with placebo

Depigmenting efficacy for melasma

Anti-inflammatory effects on skin treated with methyl-

nicotinate solution as irritative agent

Anti-inflammatory effects on skin treated with methyl-

nicotinate solution as irritative agent

Non-invasive diagnosis of dermatoses and therapeutic

monitoring in clinical dermatology

Sparavigna et al. (2014)
Zhang et al. (2021)

Chen et al. (2023)

Deconinck et al. (2014)

Wong et al. (2019), Chophi et al.
(2021)

Puglia et al. (2014)

Pilkington et al. (2014)

Gui et al. (2017)

Barone et al. (2020), Cristiano et al.
(2021), Bruno et al. (2022), Rinaldi
etal. (2022)

Cristiano et al. (2022), d Avanzo et al.
(2022)

Zhao et al. (2016)






OPS/images/math_qu1.gif
Zskin ~ Thackground.
DRS (\) =

FP——





OPS/xhtml/nav.xhtml
Contents

		Cover

		Reflectance spectroscopy: a non-invasive strategy to explore skin reactions to topical products		1 Introduction

		2 Reflectance spectroscopy

		3 Topical application of reflectance spectroscopy

		4 Conclusion and future perspectives

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-12-1422616-g001.gif





OPS/images/fchem-12-1422616-g002.gif
Time (h)

~ Saom s
s

- 24 CPEOLE Fomusion
- 74CEOLE Fomusion
-+ 454 CPE OLE Fomuston

)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





