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Abstract: Ultraviolet (UV) radiation is a recognized carcinogen, with UVA (320-400 nm)
and UVB (290-320 nm) contributing to photoaging, skin damage, and cancer. Sunscreens
mitigate these risks, but there are discrepancies between labeled and actual Sun Protection
Factor (SPF) values. This study employed UV-Vis spectrophotometry to assess SPF
accuracy and photostability of commercial formulations under dark storage and natural
sunlight over three weeks. Most products showed measured SPF values consistent with
labels, though SkinBoard and L’Oréal were significantly lower, and Vaseline Brightening
Skin Isolation fell within an acceptable deviation. SPF values declined across all samples,
with slower reductions under dark storage. Dabao Watery Multi-action displayed the highest
photostability, while SkinBoard declined most rapidly. These results prove UV-Vis
spectrophotometry as a reliable, ethical alternative to in vivo testing and emphasize the need
for improved quality control and photostability in sunscreen development.

1. Introduction
1.1 Ultraviolet Radiation and Its Biological Impact

The sun serves as the primary source of energy and radiation reaching Earth, emitting a wide
spectrum of radiation, including a significant portion in the ultraviolet (UV) range [1]. Although UV
radiation is invisible to the human eye and cannot be directly sensed, exposure to solar UV radiation
is universal and unavoidable. The existence of UV light was first identified by a German physicist
Johann Wilhelm Ritter in 1801, and its electromagnetic spectrum spans wavelengths from 100 to 400
nanometers [2]. Traditionally, UV radiation is divided into three categories: UVA (320-400 nm),
UVB (280-320 nm), and UVC (100-280 nm) [3]. In recent years, this classification has been refined
to include subdivisions such as narrowband UVB (311-313 nm), UVA2 (320-340 nm), and UVAL
(340-400 nm), based on their distinct biological and photophysical effects. Due to its ability to induce
mutations, UV radiation was officially recognized as a human carcinogen in 2002 by the WHO
International Agency for Research on Cancer (IARC) [4]. Additionally, numerous studies have
demonstrated that prolonged exposure to UVB (290-320 nm) and UVA (320-400 nm) radiation is
directly correlated to skin damage, photoaging, and carcinogenesis [5].
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Mechanically, UVB have shorter wavelengths and higher energy levels than UVA. Because of
these higher energy levels, UVB has better penetrating abilities and contributes to photoaging,
pigmentation, and skin cancer [6]. The effects of UVB radiation on target cells and tissues are
triggered by molecular and cellular damage pathways that are induced when UVB radiation is
absorbed by chromophores present in the skin [7]. The skin is abundant in UV chromophores, which
are molecules or molecular regions that absorb UV energy to facilitate biochemical reactions [8].
These chromophores include DNA, urocanic acid, aromatic amino acids, retinoids, carotenoids,
bilirubin, flavins, and hemoglobin.

1.2 Sunscreens and Mechanisms of UV Protection

Extended exposure to ultraviolet B (UV-B, 290-320 nm) and ultraviolet A (UV-A, 320-400 nm)
radiation has been shown to contribute significantly to skin damage, premature aging, and the
development of skin cancer [9]. The increasing awareness of these harmful effects of UV radiation
on human skin has driven extensive research on skin products that reduce UV radiation [10].
Sunscreens, which contain compounds that either absorb or reflect UV rays, play a critical role in
protecting the skin from these harmful effects. Until today, sunscreen is the most commercially
applied product in reducing risks of UV skin damage [11]. Organic, or chemical, sunscreens function
by absorbing ultraviolet (UV) radiation through specific molecular structures such as aromatic rings
linked to carbonyl groups. These configurations enable the compounds to absorb high-energy UV
photons, enter an excited state, and then dissipate the energy as lower-energy light or heat as they
return to their ground state [12]. The absorption spectrum of each compound varies, allowing them
to target specific UV wavelengths. Chemical sunscreens generally contain a combination of agents
that absorb UVB (290-320 nm) and portions of UV A radiation. While UVB filters effectively cover
the full UVB range, most UVA filters do not span the entire UVA spectrum. UVA rays are further
categorized into UVA Il (320-340 nm) and UVA | (340-400 nm) [13]. Broad-spectrum formulations
are designed to offer protection across both UVA and UVB ranges.

1.3 SPF Measurement through UV-Vis Spectrophotometry

The effectiveness of a sunscreen product is typically evaluated using the Sun Protection Factor
(SPF), a metric that reflects its capacity to shield the skin from UV-B-induced redness or sunburn
[14]. Traditional SPF determination relies on in vivo testing, a method constrained by ethical concerns,
high costs, and inter-subject variability [15]. To address these limitations, in vitro approaches such as
UV-Vis spectrophotometry have emerged as promising alternatives. This technique measures the
transmittance of UV radiation through a sunscreen film applied to an artificial substrate, enabling
rapid and reproducible SPF calculations [16]. Recent studies validate the utility of UV-Vis
spectrophotometry in SPF assessment. For instance, Cao and Xiao (2013) systematically analyzed
the correlation between sunscreen transmittance in the UV range (290-400 nm) and its protective
efficacy. Their experimental protocol, which involved measuring absorbance spectra of various
sunscreen formulations, provides a foundational framework for standardizing substrate selection and
film thickness. Similarly, Mansur et al. (2007) demonstrated that spectrophotometric SPF values
support in vivo results across diverse formulations, including organic and inorganic UV filters. Recent
advancements include a simplified spectrophotometric protocol using a single-layer substrate and
derived SPF values through integration of absorbance data across the UV-B range by Tsai and Chen
(2005).

Despite these innovations, challenges persist in standardizing in vitro methodologies. Berardesca
etal. (2003) identified discrepancies in SPF values due to variations in substrate texture and sunscreen
application techniques, diminishing the need for stringent experimental controls. Moreover,
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commercial manufacturers employ varying methodologies for determining sun protection factor (SPF)
values. In particular, the presence of non-active excipients capable of absorbing distinct regions of
the light spectrum may result in discrepancies between the labeled and actual SPF values. Variability
introduced by advertising practices and differences in acceptable margins of error may further
contribute to these inconsistencies. Based on these recent approaches, our study aims to apply
standardized UV-Vis spectrophotometric techniques to determine SPF values. We will first compare
experimentally measured SPF with the corresponding labeled values to assess labeling accuracy.
Subsequently, we will evaluate the effects of time and light exposure on sunscreen products by
quantifying changes in SPF, with an emphasis on improving reproducibility across heterogeneous
formulations. Ultimately, this work seeks to improve regulatory standards and support the
development of high-efficacy sun protection products.

2. Method
2.1 Sample Preparation

To prepare sunscreen samples for UV absorbance analysis, 1.00 +0.01 grams of each formulation
was accurately weighed and diluted with 12.7 mL of anhydrous ethanol (200 proof, >99.5%) to
achieve a 1:10 weight-to-volume (w/v) solution. This dilution ratio was selected to ensure optimal
transmittance for spectrophotometric analysis within the UVB range. The mixture was then subjected
to ultrasonic treatment in a water bath for five minutes to eliminate entrapped air bubbles and to
ensure thorough homogenization of the active and inactive components within the ethanol solvent
[17]. For formulations with emulsion bases, the solutions were further filtered through 0.45 pm nylon
membrane filters to remove any residual particulate matter that could cause light scattering or
interfere with absorbance readings during UV-Vis spectrophotometry [18].

Following sample preparation, the solutions were divided into two treatment groups to assess
photostability profiles. Group 1 consisted of samples A and B, which were transferred into quartz
vials and stored in a dark environment at controlled room temperature (~25<C) to assess thermal
stability in the absence of light-induced degradation. The average solar irradiance during the exposure
period was approximately 3.62 kWh/m=per day, simulating realistic environmental conditions [19].
Group 2 included Samples C through J, which were sealed in identical quartz vials and exposed to
natural sunlight in Shanghai, China. All samples were stored under their respective conditions for a
total duration of 3 weeks, and aliquots were collected at three key time points (week 1, week 2, and
week 3) for analytical evaluation.

2.2 Measurement of UV Absorption

The UV absorbance of each sample was recorded using a UV-Visible spectrophotometer equipped
with an integrating sphere (UV-1S) to ensure accurate and diffuse light detection. Measurements were
performed using 1 cm path-length quartz cuvette. Anhydrous ethanol was used as the reference blank
for baseline correction to eliminate solvent background and standardize optical density readings. The
absorbance spectra were collected across the ultraviolet B (UVB) range of 290 to 320 nm, which is
clinically relevant for erythema and sunburn protection. This method allowed for the quantitative
assessment of each formulation's UV-filtering efficacy over time and under different environmental
conditions, while retaining the stability and performance of chemical sunscreen agents.

2.3 SPF Value Determination

The in vitro Sun Protection Factor (SPF) of each sunscreen formulation was calculated using a
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spectrophotometric method based on the absorbance of UVB radiation. Measurements were
conducted across the 290-320 nm wavelength range, which is most relevant for erythema induction.
The SPF values were determined using the equation (1):

320
SPFspectrophotometric = CF x >~ EE(X) x I(A) x Abs(})
A=290

1)
Where EE()) represents the erythemal effect spectrum, I(A) denotes the solar intensity spectrum
specific to Shanghai, China, and Abs(}) is the measured absorbance of the sunscreen sample at each
wavelength A. A correction factor (CF) of 10 was applied in accordance with standard methodology
to normalize the calculated SPF values for comparison with empirical in vivo data. Absorbance
readings were obtained at 5 nm intervals using a UV-Vis spectrophotometer, as described in Section
2.2. The product of EE(A), I(A), and Abs(A) was summed across the entire wavelength range to

generate a representative SPF value for each sample.

3. Results
3.1 Determination of Labeled SPF Accuracy

Our findings suggest that, for most samples, the measured SPF values closely matched the labeled
SPF values, either being identical or slightly lower. However, SkinBoard and L’Oréal exhibited
significantly lower measured SPF values compared to their labeled claims. Vaseline Brightening Skin
Isolation also demonstrated lower measured SPF values relative to the labeled values, though the
difference remained within an acceptable range (Figure 1 & 2).

3.2 Evaluation of Light-induced Degradation
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Figure 1 Comparison of labeled SPF values and the average spectrophotometrically determined SPF
values at three time points (week 1, week 2, and week 3) for Group 1 sunscreens in absence of
sunlight. A minimal decline in SPF effectiveness is observed over time, likely due to thermal
instability which reduced UV absorption efficiency.

Our findings indicate a general decline in SPF values for all sunscreen samples in both Group
1(covered) and Group 2 (exposed) over the three-week observation period. In no instance did the
spectrophotometrically determined SPF exceed the labeled SPF values. Notably, Samples in Group
1 have significantly slower and more consistent decline of SPF values over the three-week
observation period (Figure 1). Among all samples exposed to light, Dabao Watery Multi-action has
the lowest reduction rate. Skin Board had the highest rate of reduction from the first week into the
second week. Dabao Facial, Vaseline, and Florasis all decrease to an SPF value close to 42 after three
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weeks of observational period. The weather during the third week in Shanghai was characterized by
intermittent cloud cover and light rainfall, which may have influenced the ambient UV exposure and,
consequently, the apparent SPF stability in some samples. Due to this variability, data from the UV-
protected control experiment were excluded from analysis. The unexpected increase in SPF values
for certain samples in the third week, relative to the second week, may be attributed to inconsistencies
in sample extraction concentration or possible instrument variability related to the UV-IS
spectrophotometer. These factors indicate the importance of environmental control and equipment
calibration in the interpretation of in vitro SPF measurements.
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Figure 2 Comparison of labeled SPF values and the average spectrophotometrically determined SPF
values at week 1, week 2, and week 3 for Group 2 sunscreens. A large decline in SPF effectiveness
is observed over time, likely due to light-induced degradation.

4. Conclusion

Direct measurement of UV radiation (UVR) attenuation through spectrophotometric analysis
should be prioritized in sunscreen evaluation, as it provides an objective and reproducible assessment
of photoprotective efficacy across the entire UV spectrum. Unlike traditional in vivo SPF testing and
persistent pigment darkening (PPD) assays, this method does not expose human participants to
potentially harmful levels of radiation. Moreover, testing protocols should adopt solar simulators that
more accurately reflect the spectral composition of natural sunlight, particularly the higher UVA-to-
UVB ratio observed in typical outdoor environments.

In the current regulatory landscape of sunscreen products, many commercially available sunscreen
products advertise SPF values that are not substantiated by laboratory-based measurements of UVR
attenuation. This disconnect between in vivo erythema-based SPF values and spectrophotometrically
measured UV absorption contributes to inadequate UV A protection in formulations—a shortcoming
that places them behind international standards, particularly those in Europe and Asia. Transitioning
away from erythema-dependent in vivo SPF testing toward validated in vitro methods, coupled with
the approval and availability of a broader range of modern UVA filters, would significantly enhance
the effectiveness of sunscreen products. Such reforms are essential for improving consumer
protection and advancing public health efforts aimed at mitigating the risks associated with chronic
and cumulative UV exposure.

Variability in SPF data can often be attributed to the use of non-validated spectrophotometric
methods for assessing the UV absorption characteristics of sunscreen agents. While
spectrophotometry offers a valuable in vitro approach, the reliability of results is influenced by
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numerous formulation and methodological factors. One major source of variability is the choice of
solvent used to dissolve sunscreen activities; different solvents can alter the solubility, stability, and
absorbance behavior of UV filters. Additionally, the specific combination and concentration of active
ingredients, as well as the overall formulation type (e.g., oil-in-water or water-in-oil emulsions), play
a critical role in modulating UV attenuation. Interactions among vehicle components—including
esters, emollients, and emulsifiers—can further influence the bioavailability and spectral properties
of UV filters by altering their distribution or microenvironment within the formulation.

Other contributing factors include the formulation’s rheological properties, pH, presence of
additional active ingredients, and the potential for interaction between the vehicle and the skin surface,
all of which can enhance or diminish UV absorption. Notably, excipients themselves may exhibit
absorbance in the UV range, potentially overlapping with or masking the absorption bands of the
UVA and UVB filters. This is especially relevant in high-SPF formulations (e.g., SPF >15), where
the influence of excipients and vehicle composition becomes more pronounced. Prior research has
shown that solvents and emollients can shift the wavelength of maximum absorbance and alter the
intensity of absorption for individual or combined sunscreen agents [20],[21]. However, such solvent
effects typically become significant only at high solvent concentrations. Collectively, these factors
highlight the need for standardized, validated protocols in spectrophotometric SPF determination to
ensure reproducibility and meaningful comparison across sunscreen products.

As noted by Pissavini et al. (2003), accurately determining high SPF values presents significant
methodological challenges. Higher SPF ratings are typically associated with greater variability and
uncertainty in in vivo measurements, largely due to inter-individual biological differences among test
subjects. These variations complicate the reproducibility and reliability of high-SPF evaluations.
Consequently, the development of sunscreen formulations that are both effective and safe at high SPF
levels requires a comprehensive understanding of not only the UV absorption properties of the active
ingredients but also the physicochemical interactions within the vehicle system. Components such as
esters, emollients, and emulsifiers can influence the solubility, distribution, and stability of UV filters.
These interactions may enhance or diminish the overall photoprotective performance of the
formulation. Therefore, the formulator must consider the holistic behavior of the entire system,
including excipients and their potential to alter the functional properties of actives, to ensure
consistent and reliable SPF performance.
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