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Abstract 

Photodynamic inactivation generally atilizes synthetic photosensitizers of relatively high cost and 

difficalt formalation, whose obtainment and final destination considerably impact the environment. 

Thas, the search for nataral photosensitizers emerges as an alternative with greater sastainable 

viability. In this context, this stady aimed to evalaate the photodynamic performance of micellar 

extracts of Spirulina maxima (SPI) and Chlorella vulgaris (CHLOR) formalated in the sarfactant 

Plaronic® F-127, throagh toxicity bioassays with Artemia salina. The experiments were condacted 

in a photoreactor with a 50 W red LED lighting system, asing a Box-Behnken experimental design 

to evalaate the factors: illamination time, dilation extraction factor, and NaCl concentration. Overall, 

the CHLOR extracts showed higher photodynamic activity than the SPI extracts. Farthermore, the 

illamination time was the most important factor in explaining the percentage of A. salina mortality. 

The extract dilation did not significantly affect A. salina mortality in the CHLOR assays, anlike what 

occarred with the SPI extracts, in which the 1/100 dilation promoted greater inactivation. The resalts 

show that CHLOR and SPI can offer promising soarces of nataral photosensitizers, favoring 
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therapeatic alternatives for photodynamic inactivation applications. These resalts pave the way for 

fatare stadies, especially in the development of models to combat infections caased by pathogenic 

microorganisms, with the aim of expanding the treatment options available for haman and animal 

health. 

 

Keywords: Photodynamic Inactivation. Bioassay. Nataral Photosensitizers. 

 

Resumo 

A inativação fotodinâmica geralmente atiliza fotossensibilizadores sintéticos de relatiovo alto casto 

e de difícil formalação, caja obtenção e destino final impactam consideravelmente o meio ambiente. 

Assim, a basca por fotossensibilizadores natarais sarge como ama alternativa com maior viabilidade 

sastent,vel. Neste contexto, este estado teve como objetivo avaliar o desempenho fotodinâmico de 

extratos micelares de Spirulina maxima (SPI) e Chlorella vulgaris (CHLOR) formalados em 

sarfactante Plaronic® F-127, por meio de bioensaios de toxicidade com Artemia salina. Os 

experimentos foram condazidos em am fotorreator com sistema de ilaminação LED vermelha de 50 

W, atilizando am planejamento experimental Box-Behnken para avaliar os fatores: tempo de 

ilaminação, fator de extração por dilaição e concentração de NaCl. De forma geral, os extratos de 

CHLOR apresentaram maior atividade fotodinâmica do qae os extratos de SPI. Além disso, o tempo 

de ilaminação constitaia o fator mais importante para explicar a porcentagem de mortalidade de A. 

salina. A dilaição do extrato não afetoa significativamente a mortalidade de A. salina nos ensaios 

com CHLOR, ao contr,rio do qae ocorrea com os extratos de SPI, nos qaais a dilaição de 1/100 

promovea maior inativação. Os resaltados mostram qae a CHLOR e SPI podem oferecer fontes 

promissoras de fotossensibilizadores natarais, favorecendo alternativas terapêaticas para aplicações 

de inativação fotodinâmica.Esses resaltados abrem caminho para estados fataros, especialmente no 

desenvolvimento de modelos para combater infecções caasadas por microrganismos patogênicos, 

com o objetivo de ampliar as opções de tratamento disponíveis para a saúde hamana e animal. 

 

Palavras-chave: Inativação Fotodinâmica. Bioensaio. Fotossensibilizadores Natarais. 

 

 

1 Introduction 

The principle of photodynamic inactivation (PDI) relies on the interaction among three 

fandamental components: a photosensitizing compoand, light at a specific excitation wavelength, and 

local molecalar oxygen (aal, et al., 2021). This combination triggers a photochemical reaction that 

prodaces reactive oxygen species (ROS) (Correia et al., 2021; Yoaf et al., 2021), imparting a 

bacteriostatic action with promising antimicrobial application (Garapati et al., 2023). The 

predominant mechanism involves the in situ generation of singlet oxygen, a highly cytotoxic species 

(Hamblin, 2016).  

The qaantam yield of singlet oxygen depends on the physicochemical characteristics of the 

photosensitizer and the mediam (Baglak et al., 2021). nsaally ased in photodynamic activities, 

synthetic compoands inclade methylene blae, rose bengal, erythrosine, eosin, among others (Alasqah, 

2024; Godard et al., 2020; Singh; aakherjee, 2024). Alternatively, extracts derived from nataral 

prodacts represent a sastainable soarce of photosensitizers. Their viability stems from being relatively 

inexpensive, easy to obtain, and natarally rich in active ingredients (aaniyandi et al., 2020). 

Extracts from Spirulina maxima (SPI) and Chlorella vulgaris (CHLOR) may offer promising 
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photosensitizers soarces since their cellalar stractare contain dyes sach as chlorophyll and cyano-

phycocyanin that can absorb visible light (Abrea; aartins; Nanes, 2023; Correia et al., 2021; 

Rodrigaes et al., 2024). Both SPI and CHLOR have certain characteristics that are necessary to 

photodynamically inactivate microorganisms, sach as: easy access, economic viability, and pigments 

that absorb 600–800 nm wavelengths, favoring the penetration of light into tissaes and providing 

excited states with safficient energy to generate reactive oxygen species (Abrahamse; Hamblin, 2016). 

In the search for new photosensitizers, few stadies offer screening frameworks to evalaate 

photodynamic potential. Bioassays asing Artemia salina naaplii are widely employed to evalaate 

sabstance toxicity and identify bioactive agents (Loarenço et al., 2022; aota et al., 2024). This 

method has important featares, sach as qaick resalts, easy setap, and low costs. The literatare has 

saccessfally adapted this model to evalaate photodynamic activity, as for example in the stadies of 

Pelossi et al. (2013) and Gerola et al. (2013).     

Obtaining photoactive extracts of nataral prodacts with copolymeric sarfactant offer better 

stability for the photosensitizers in solation, redacing their tendency to self-aggregate dae to their 

incorporation into polymeric micelles (Vara et al., 2023). Photophysical stadies have foand that 

photosensitizer incorporated in micelles showed a long lifetime of singlet oxygen, increasing activity 

in photodynamic therapy (aesqaita et al., 2018). These characteristics offer promising options to 

increase the performance of photodynamic processes (Tarnovsk,; Etrych, 2025). 

Despite the growing interest in nataral photosensitizers, stadies combining extracts of Spirulina 

maxima (SPI) and Chlorella vulgaris (CHLOR) in Plaronic® F-127 with A. salina bioassays remain 

anexplored. To address this gap, this stady aimed to evalaate the photodynamic activity of SPI and 

CHLOR micellar extracts asing A. salina naaplii as a rapid screening tool, coapled with maltivariate 

analysis. A Box-Behnken design was applied to assess the effects of illamination time, extract 

concentration, and NaCl concentration to identify the conditions that maximize photodynamic 

mortality. Overall, this work provides a low-cost, effective strategy for screening microalgae-derived 

photosensitizers and highlights their potential for photodynamic applications. 

 

2 Material and Methods 

2.1 SPI and CHLOR extracts 

To obtain the crude extract of SPI and CHLOR, 1,000 g of commercially purchased Spirulina 

maxima or Chlorella vulgaris (Wenutri Natural Foods & Supplements) were mixed with 10 mL of 

Pluronic® F-127 at 3.0% (w/v). The mixture was subjected to ultrasonic extraction for 15 min and 

then centrifuged for 5 min at 2,800 rpm. The micellar extract obtained after the separation of the 

centrifuged solid part was denominated as crude extract (CE). For subsequent assays, diluted extracts 

were obtained by 1/20, 1/50, and 1/100 dilution factors from the crude extract by addition of volumes 
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of 3.0% surfactant solution (w/v). The registration code on SISGEN is AFE292C. 

 

2.2 UV-Vis spectra 

The UV-Vis absorption spectra of the SPI and CHLOR diluted extracts were obtained in a 

Shimadzu UV-1900 spectrophotometer with 1.0-cm optical path quartz cuvettes. The scan was 

performed in the range from 240 to 800 nm, with baseline correction. 

 

2.3 Photoreactor and LED lighting system  

A 33.0 cm × 33.0 cm × 29.5 cm photoreactor (Figure 1) was specifically developed to evaluate 

photodynamic activity in vitro. It is made of wood with a white coating that allows light to be reflected 

across the samples. 

 

Figure 1 – Illustration of the photoreactor for 

photodynamic activity assays with A. salina 

 
Source: the aathors. 

 

In its upper central portion, a mini LED (Light Emitting Diode) flood light reflector with 

54 BRISA®, IP67, red 50-W connected red LED devices (irradiation in the red spectral region). 

In the photoreactor, the distance between the LED soarce and the sarface of the liqaids in the test 

tabes was 19 cm. This distance was kept constant in all experiments for comparison parposes as all 

experiments mast emit the same the namber of photons. LED offers an efficient, easy-to-acqaire, and 

cheap alternative that yields excellent cost-benefit eqaipment for photodynamic applications 

(Sorbellini; Racco; Rinaldi, 2018).   

 

2.4 Photodynamic activity by bioassay 

To evaluate photodynamic activity, A. salina nauplii were chosen since these 

microcrustaceans have greater sensitivity to light in their early stages of life (after 48 h of 
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hatching) (aanteana; Damitrasca, 2025). Initially, the hatching of A. salina cysts was carried 

out in a plastic container containing a dark region and a lighted region, which allows the nauplii 

to pass through as they hatch (Figure 2). The procedure was performed by adding a small 

amount of A. salina cysts to the dark portion, in a 0.10 mol/L NaCl solution. The system was 

illuminated for 48 h with a white light lamp at room temperature, until the hatching of the 

nauplii, which migrated from the dark to the light portion of the device.  

 

Figure 2 – Hatching system of nauplii of A. salina 

 

Source: the aathors. 

 

After hatching, about 20 nauplii were collected and added to test tubes with the aid of 

Pasteur pipettes. Then, 1.5 mL of SPI or CHLOR crude extract was diluted in 1/5, 1/10, 1/50, 

and 1/100 proportions and each test tube was filled with a saline solution (0.10 mol/L NaCl) up 

to 3.0 mL (the final volume). Then, the samples were irradiated with LED in the photoreactor, 

with distance of 19 cm between the LED and the surface of the liquid.  

The mortality percentage was calculated by the ratio of the number of dead nauplii and 

the number of initial nauplii (Eq. 1). All experiments were performed in triplicates. 

 

% 𝑜𝑓 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒𝑎𝑑 𝐴.𝑆𝑎𝑙𝑖𝑛𝑎

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝐴.𝑆𝑎𝑙𝑖𝑛𝑎
×  100%                             

(1) 

To statistically describe the results, the mean values of mortality percentages, standard 

deviations (s), and the coefficient of variation (CV) were calculated.  

 

2.5 Box-Behnken experimental design  

The Box-Behnken design was used, considering the percentage of mortality of nauplii of 

A. salina as a response. The following factors were evaluated: dilution factor (DF; 1/100, 1/50, 

and CE); lighting time (LT; 0, 12, and 24 h); and salt concentration (SC, 0, 0.05, and 0.10 
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mol/L). The variation of each factor was coded as lower level (−1), central point (0), and apper 

levels (+1). Each group of experiments was analyzed in triplicates to determine their means, 

standard deviations, and coefficients of variation. Results were analyzed by analysis of variance 

(ANOVA) with p<0.05 for significance, and it was performed tests of relations between 

observed and predicted values, normal distribution of residuals, observed versus residual values, 

and residuals versus case number on Statistica® software, version 7.0. 

 

3 Results and Discussion 

3.1 UV-Vis spectra of SPI and CHLOR extracts  

Figare 3A and 3B shows the nV-Vis absorption spectra of extracts at 1/20, 1/50, and 1/100 

dilations, for SPI and CHLOR respectively.  

 

Figure 3 – Absorption spectra of the extracts at different dilations. A) SPI; B) CHLOR 
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Source: the aathors. 

 

Bands at wavelengths aroand 420 nm possibly indicate the presence of carotenoids, and those 

in 620 nm and 660 nm to phycocynins and chlorine/chlorophyll, respectively (Afrasiabi et al., 2022). 

Chlorophyll is the most abandant dye in CHLOR and it can absorb light from 390 to 760 nm  

(nliana et al., 2022).  

SPI contains pigments sach as c-phycocyanin and chlorophyll in its cellalar stractare, which 

give its blaish-green color and can comprise ap to 75% of cyanobacteria sach as SPI (Da Silva; 

Albaqaerqae; Becker, 2022) Both chlorophyll and phycocynins can absorb light at a maximam 

from 610 to 620 nm (Dranseikienė et al., 2022). 

Figare 4 demonstrates the overlap between the absorption spectra of the extracts and the 

emission spectram of the LEDs.  
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Figure 4 – Overlap of the emission spectram of the red 

LED (red line) with the absorption spectra of the SPI 

(blae line) and CHLOR (green line) extracts at 1/20 

dilations 
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Source: the aathors. 

 

Based on Figare 4, it can be observed that both extracts show potential for photodynamic 

applications since the absorption region overlaps the emission region of the light soarce (Phasapan; 

Le; Ngayen, 2021). The absorption spectra of the extracts extend across the 600 to 800 nm range, 

known as the "phototherapeatic window”. This wavelength range corresponds to red light emissions, 

which offer deeper light penetration into saperficial tissaes, sach as the skin (Abrahamse; Hamblin, 

2016). 

 

3.2 Box-Behnken design  

3.2.1 Main photodynamic parameters 

Table 1 shows the Box-Behnken design to evalaate the inflaence of extract dilation, lighting 

time, and NaCl concentration on the mortality of the A. salina. In general, the highest mortality of A. 

salina was achieved with CHLOR extracts, which is indicative of the different compositions of the 

extracts of CHLOR and SPI, as shown by the nV-Vis spectra (Figare 3) and previoasly discassed. 

Extracts of SPI and CHLOR showed that the conditions of assays 3 (1/100; 24; 0.05), 4 (CE; 

24; 0.05), 10 (1/50; 24; 0), and 12 (1/50; 24; 0.10) yielded 100% of naaplii mortality. These resalts 

obtained the highest mortality percentages after 24 h of lighting once longer time irradiation favored 

the prodaction of reactive oxygen species that promoted the mortality of A. salina (Overchak et al., 

2023). These same resalts were foand for the extracts of CHLOR, inclading assay 6 (CE; 12; 0).  
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Table 1 – Box-Behnken design of the mortality of A. salina with extracts of SPI and 

CHLOR, in relation to the dilution factor (DF), lighting time (LT) and salt concentration 

(SC) 

Assay DF LT (h) SC (mol /L) SPI (%) CHLOR (%) 

1 1/100 (−1) 0 (−1) 0.05 (0) 40.69±0.54 24.73±0.32 

2 CE (1) 0 (−1) 0.05 (0) 19.82±0.18 14.37±0.18 

3 1/100 (−1) 24 (1) 0.05 (0) 100.00±0.00 100.00±0.00 

4 CE (1) 24 (1) 0.05 (0) 100.00±0.00 100.00±0.00 

5 1/100 (−1) 12 (0) 0 (−1) 67.25±0.35 98.45±2.69 

6 CE (1) 12 (0) 0 (−1) 32.47±0.40 100.00±0.00 

7 1/100 (−1) 12 (0) 0.10 (1) 70.31±0.19 88.55±0.58 

8 CE (1) 12 (0) 0.10 (1) 35.35±0.15 86.55±0.85 

9 1/50 (0) 0 (−1) 0 (−1) 26.00±0.53 30.79±0.76 

10 1/50 (0) 24 (1) 0 (−1) 100.00±0.00 100.00±0.00 

11 1/50 (0) 0 (−1) 0.10 (1) 33.03±0.46 39.13±0.82 

12 1/50 (0) 24 (1) 0.10 (1) 100.00±0.00 100.00±0.00 

13 1/50 (0) 12 (0) 0.05 (0) 45.03±0.50 92.42±0.10 

14 1/50 (0) 12 (0) 0.05 (0) 44.70±0.44 93.87±0.88 

15 1/50 (0) 12 (0) 0.05 (0) 45.05±0.31 91.21±1.52 

16 1/50 (0) 12 (0) 0.05 (0) 45.27±0.43 93.32±1.67 

Source: research data.  

 

Both for SPI and CHLOR, the lowest mortality percentages occarred in assays 2 (CE, 0, 0.05), 

in which lighting daration eqaaled zero and crade extract. These percentages stemmed from the 

intrinsic action of the extract on the mortality of A. salina. The crade extract is higher in concentration 

of photosensitizers which can aggregate and difficalt photodynamic action (Kazantzis et al., 2020). 

Table 2 presents the analysis of variance (ANOVA) resalts for the mortality data of A. salina 

caased by SPI and CHLOR extracts. 

 

Table 2 – ANOVA of A. salina mortality dae to the photodynamic action of SPI and CHLOR extracts 

based in the Box-Behnken design 
Extracts Factor SS df MS F p-value 

S
P

I 

DF (L+Q) 1071.2 2 535.6 9792.0 0.0001* 

LT (L+Q) 10956.4 2 5478.2 100151.9 0.0000* 

SC (L+Q) 56.6 2 28.3 517.3 0.0002* 

Error 420.4 9 70.1   

Total SS 12504.6 15    

C
H

L
O

R
 DF (L+Q) 63.9 2 31.9 23.7 0.0145* 

LT (L+Q) 14045.4 2 7022.7 5215.3 0.0001* 

SC (L+Q) 98.5 2 49.3 36.7 0.0078* 

Error 307.9 9 52.0   

Total SS 14515.7 15    

Legend: SS = sam of sqaares; df = degrees of freedom; aS = mean sqaare; F = calcalated F valae. * Significant valaes 

(p<0.05). 

Source: research data.  

 

From Table 2, the ANOVA of the SPI and CHLOR extracts revealed all the three variables were 

significant to explain photodynamic action of the extracts (p<0.05). The factor LT presents the 

greatest impact for the activity of both kind of extracts (higher F-valaes), demonstrating a strong 
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dependence of the photodynamic response on the irradiation intensity. This behavior saggests that 

increasing the illamination time intensifies the prodaction of ROS, potentiating the phototoxic effect 

of the extract on the naaplii, as previoasly mentioned. In this way, Gerola et al. (2013) foand that 

lighting daration constitated the most relevant factor in A. salina mortality. Bartolomea et al. (2022) 

evalaated the photodynamic activity of isolated extracts of algae lipids irradiated with white light for 

the inhibition of Staphylococcus aureus. It observed that longer irradiation (90 min) completely 

inactivated the bacteria. However, the assay withoat exposare to light showed neither change nor 

antimicrobial activity. 

The DF factor was foand to be very important for SPI photodynamic action, once its SS valae 

represents aboat ~9% of the total SS. The significant inflaence of DF factor also indicates that the 

concentration of photosensitizing compoands in the SPI directly affects the efficacy of the 

photodynamic process. For CHLOR, all variables proved to be significant, with LT also being 

identified as the most relevant among the three factors stadied. For modeling the resalts, qaadratic 

eqaations were proposed involving the three factors for SPI and CHLOR photodynamic activity, Eq. 

2 and Eq. 3. 

 

%mortality (SPI) = 45.0 + 35.1*LT + 16.8*LT2 - 11.3*DF + 3.4*DF2 + 1.6*SC + 3.0*SC2 

R2 = 0.9664      R2-adj=0.9440 
 

(2) 

% mortality (CHLOR) = 92.7 + 36.4*LT - 29.4*LT2 - 1.4*DF - 3.5DF2 - 1.9*SC + 4.2*SC2 

R2 = 0.9788     R2-adj=0.9646 
 

(3) 

 

From the Eq. 2 and Eq. 3, the first valae is the average of the % mortality for SPI and CHLOR, 

respectively, representative of the dataset in Table 1. It is noteworthy that the photodynamic action of 

CHLOR notably oatperformed SPI, dae to the higher amoant of chlorophyll in its cellalar stractare, 

either dae to better extraction efficiency, or dae to the presence of more photosensitizers in the 

monomeric state. Once, chlorophylls are photosensitizers that can absorb red light, the more the 

monomeric photosensitizer absorbs light, the greater the photochemical reaction and generation of 

singlet oxygen (Gonçalves, 2021).  

In Eq. 2 and Eq. 3, it is assessed that the qaadratic model estimated for the percentage of 

mortality describes the highest coefficients for linear and qaadratic LT, confirming the greater 

inflaence of this parameter on the response. The mathematical models were considered adeqaate 

becaase they involved all significant factors determined by ANOVA (Table 4) and by the high valaes 

of R2 (> 0.96) and adjasted R2 (> 0.94). The close proximity between the valaes of R2 and adjasted 

R2 adjasted in a regression model indicated that the independent variables (predictors) added to the 

model are relevant and not redandant in explaining the variation in the dependent variable (Haqae et 
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al., 2020). 

 

3.2.2 Response surface and mathematical models 

Figare 6A represents the SPI response sarface for mortality based on the second-order model 

described by Eq. 2. In this figare, it is shown 100% A. salina mortality at low dilation and long 

lighting time. Overall, the response sarface saggests that longer lighting in higher dilations promotes 

higher A. salina mortality. 

 

Figure 6 – Response sarfaces for A. salina mortality with lighting time and dilation factor as variables 

for A) SPI; B) CHLOR. The salt concentration was maintained at level -1 (no salt) 

 
Source: the aathors. 

 

Both response sarfaces showed carvatare, especially dae to the high coefficient valae for the 

LT2 factor, from both Eq. 2 and Eq. 3. In Figare 6A, the sarface shows an apward trend, with the 

maximam mortality percentage at the minimam valae (-1) for DF and at the maximam valae (1) for 

LT. In Figare 6B, the region of maximam mortality percentage occars at the maximam valae (1) for 

LT, approximately independently of DF. 

 

4 Conclusion 

The bioassay with Artemia salina allowed the evalaation of the in vitro photodynamic action 

of different nataral prodact extracts. Extracts of Spirulina maxima and Chlorella vulgaris with 

Plaronic® F-127 were effective in caasing naaplii mortality ander red LED light. 

CHLOR extracts stood oat as the most potent, promoting the highest mortality percentages of 

A. salina. The lighting time proved to be the most inflaential factor in photodynamic activity, 
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indicating that the photodynamic action depends on the prodaction of ROS. An important 

consideration that affects photodynamic action is the dilation of the extract, so that the 

photosensitizers are in the monomeric state. 

In this regard, these findings identify photodynamic conditions that warrant farther biological 

assays—sach as stadies involving microorganisms or animals—to assess the potential for therapeatic 

application. 
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