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Abstract  27 

This study evaluated the photobiocidal performance of four widely distributed visible-28 

light-activated (VLA) dyes against two bacteria (Staphylococcus epidermidis and 29 

Escherichia coli) and two bacteriophages (phages MS2 and phi 6): rose bengal (RB), 30 

crystal violet, methylene blue, and toluidine blue O (TBO). The photobiocidal 31 

performance of each dye depended on the relationship between the type of dye and 32 

microorganism. Gram-negative E. coli and the non-enveloped structure of phage MS2 33 

showed more resistance to the photobiocidal reaction than Gram-positive S. 34 

epidermidis and the enveloped structure of phage phi 6. RB had the highest potential 35 

to yield reactive oxygen species. However, the photobiocidal performance of RB was 36 

dependent on the magnitude of the surface charge of the microorganisms; for example, 37 

anionic RB induced a negative surface charge and thus electrical repulsion. On the 38 

other hand, the photobiocidal performance of TBO was observed to be less affected 39 

by the microorganism type. The comparative results presented in our study have 40 

significant implications for selecting photodynamic antimicrobial chemotherapy 41 

(PACT) dyes suitable for specific situations and purposes. Furthermore, they 42 

contribute to the advancement of PACT-related technologies by enhancing their 43 

applicability and scalability. 44 

 45 
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Introduction 50 

Microbial threats pose some of the most severe and escalating problems in healthcare 51 

today. In particular, the phenomenon of antimicrobial resistance (AMR) is raising 52 

serious concerns. AMR microbes, including methicillin-resistant Staphylococcus 53 

aureus and multidrug-resistant tuberculosis, cause approximately 700,000 casualties 54 

worldwide each year (O’Neill, 2016), and were responsible for 1.3 million deaths in 55 

2019 (Murray et al., 2022). Accordingly, the World Health Organization has also 56 

recognized this risk and declared AMR as one of the top 10 global public health threats 57 

facing humanity (Kumar, 2021). Therefore, countermeasures to build a safer medical 58 

environment against AMR are urgently needed.  59 

Photodynamic therapy has been highlighted as a potential alternative to traditional 60 

antimicrobial treatments (Daniell and Hill, 1991; Hamblin and Hasan, 2004; Klausen 61 

et al., 2020). Photodynamic antimicrobial chemotherapy (PACT) utilizes light 62 

excitation of a nontoxic photosensitizer (PS) to produce reactive oxygen species 63 

(ROS), resulting in the death of microbial cells. (Castano et al., 2004; Daniell and Hill, 64 

1991; Derosa and Crutchley, 2002). ROS are capable of multi-site attacks, allowing 65 

efficient non-selective inactivation without concerns about antibiotic resistance. 66 

Because the efficacy of PACT against pathogens depends on the type and 67 

concentration of visible-light-activated (VLA) dyes, devising novel antimicrobial 68 

strategies requires substantial effort in selecting appropriate dyes. Numerous studies 69 

have evaluated PACT performance for various organic dyes. Rolim et al. evaluated 70 

the antimicrobial performance against Streptococcus mutans using different organic 71 

dyes, including methylene blue (MB), toluidine blue O (TBO), and rose bengal (RB) 72 

(Rolim et al., 2012). Soria-Lonazo et al. reported the performance of the PACT against 73 

cariogenic microorganisms using different organic dyes (Soria-Lozano et al., 2015). 74 

Moreover, Vilela et al. evaluated the photodynamic inactivation of S. aureus and 75 

Escherichia coli using MB and TBO (Vilela et al., 2012). However, because the dye 76 

activation conditions and target strains used in each study were all different, 77 

quantitative comparison of PACT performance is challenging. Indeed, more studies 78 

focusing on comparing PACT performance under constant conditions are needed to 79 

select a more appropriate VLA dye. 80 

In this study, we carried out a quantitative comparison of the photobiocidal 81 
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performance of four VLA dyes under controlled photoactivation conditions: RB (a 82 

halogenated xanthene dye), crystal violet (CV; a triarylmethane dye), and MB and TBO 83 

(both phenothiazine dyes) (Figs. 1a-c). We quantified the performance of each at 84 

various concentrations against Gram-positive bacteria (Staphylococcus epidermidis) 85 

and Gram-negative bacteria (E. coli) as surrogates for AMR. In addition, an enveloped 86 

virus (phage phi 6) and a non-enveloped virus (phage MS2) were added as target 87 

microbes to meet the increased need for verification of biocidal performance against 88 

pathogenic viruses due to the Coronavirus 2019 (COVID-19) pandemic. We also 89 

determined the antimicrobial mechanisms of VLA dyes by tracking the changes in the 90 

physicochemical properties, such as the time-resolved photoluminescence decay and 91 

self-degradation rate. Our results can be used as a basis for selecting the optimal 92 

PACT dye for a specific purpose. 93 

 94 

Materials and Methods  95 

Preparation of an aqueous solution of VLA organic dyes 96 

CV (C25H30N3Cl, G2039); MB (C16H18ClN3S∙xH2O, M9140); RB (C20H2Cl4I4Na2O5, 97 

330000); and TBO (C15H16ClN3S, T3260) powders were purchased from Sigma-98 

Aldrich (St. Louis, MO, USA). The dye solutions were prepared by dissolving each 99 

powder in deionized water (DIW) (Fig. 1d). The absorbance of the dyes was measured 100 

using a UV–Vis spectrophotometer (UV-2600i, Shimadzu, Kyoto, Japan). Figure 1e 101 

shows the absorbance spectra of the VLA dyes. The peak wavelengths for CV, MB, 102 

RB, and TBO were found at 591, 664, 549, and 633 nm, respectively. Despite the 103 

same concentrations, the dyes had varying maximum absorbance values due to their 104 

different molar absorption coefficients and chemical structures.  105 

Preparation of microorganism suspensions  106 

S. epidermidis, a Gram-positive bacterium (KCTC 1917; Korean Collection for Type 107 

Cultures), and E. coli, a Gram-negative bacterium (KCTC 1039), were used as the 108 

target bacteria. Each bacterium was incubated in a nutrient broth (0.3% beef extraction, 109 

0.5% peptone; Becton Dickinson, Franklin Lakes, NJ, USA) at 37°C for 24 h until the 110 

suspension reached an optical density of 0.6 at 600 nm. The cultured bacteria were 111 

subsequently harvested by centrifugation (5000×g for 10 min) and washed in 10 mL 112 
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DIW to remove unwanted debris. All of the bacteria used in the experiment were 113 

serially diluted onto nutrient agar plates (0.3% beef extraction, 0.5% peptone, 1.5% 114 

agar; Becton Dickinson Franklin Lakes, NJ, USA), incubated at 37°C for 24 h, and 115 

then quantified in terms of colony-forming units (CFUs). 116 

A non-enveloped phages MS2 and an enveloped phage phi 6 were used as target 117 

microbes. To prepare phage MS2, a host E. coli strain C3000 (ATCC 15597; American 118 

Type Culture Collection, Manassas, VA, USA) was incubated overnight at 37°C for 24 119 

h using tryptic soy broth (TSB; Difco Laboratories, Detroit, MI, USA). Then, phage MS2 120 

(ATCC 15597-B1) was dispersed in the host cell solution and incubated overnight at 121 

37°C. To extract MS2, an equal volume of chloroform was added to the culture 122 

suspension and centrifuged at 4000×g for 20 min to remove the residue. The 123 

supernatant was collected and transferred to 10 mL TSB. A mixture of 0.1 mL MS2 124 

and 0.3 mL the log-phase host E. coli C3000 was combined with 29.6 mL soft tryptic 125 

soy agar (TSA; Difco Laboratories), poured into Petri dishes, and incubated at 37°C 126 

until plaque was visible. Then, the concentration of phage MS2 was determined in 127 

terms of plaque-forming unit (PFU). 128 

For the preparation of phage phi 6, host Pseudomonas syringae (DSM 21482; 129 

DSMZ-German Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, 130 

Germany) was incubated overnight at 25°C until the optical density at 600 nm reached 131 

0.3. A single plaque of phage phi 6 was dispersed in 100 µL SM buffer (100 mM NaCl, 132 

10 mM MgSO4, 50 mM Tris–HCl [pH 7.5], and 0.01% [w/v] gelatin) to infect the host 133 

P. syringae. The culture medium was incubated at 25°C until lysis occurred, 134 

centrifuged (4000×g for 20 min), and filtered through a 0.2 µm syringe filter (Minisart, 135 

Sartorius, Göttingen, Germany). For phage phi 6, a double-layer plaque assay was 136 

used. Petri dishes with a bottom agar layer (15 mL TSA) were prepared in advance. 137 

TSB with 0.75% agar, maintained at 48°C in a water bath, was used as the top agar 138 

layer. A well-mixed solution containing the log-phase host P. syringae (0.3 mL), phage 139 

phi 6 (0.5 mL), and the prepared TSB with 0.75% agar (14.2 mL) was poured over the 140 

bottom agar layer. The resulting plates were incubated at 25°C until the plaques 141 

became detectable. The concentrations of phages phi 6 were also determined by the 142 

PFU. 143 

 144 
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 145 

Evaluation of the photobiocidal efficacies of the VLA dyes 146 

Figure 1f shows the schematic of the photobiocidal efficacy assessment. All target 147 

microbe suspensions were prepared in DIW. At this time, the concentrations of the S. 148 

epidermidis and E. coli suspensions were ~107 and ~108 CFU/mL, respectively. In 149 

addition, the concentrations of the suspensions of phages MS2 and phi 6 were ~108 150 

and ~107 PFU/mL, respectively. The PS solutions of various concentrations were also 151 

prepared in DIW. Then, 0.5 mL of each prepared microbe suspension and the PS 152 

solution was loaded into a UV/Visible range cuvette. As a specific example, a 10 mM 153 

microbe-PS mixture was prepared by mixing 0.5 mL of 20 mM PS solution. The 154 

microbe-PS mixtures were subjected to dark or light exposure conditions for 4 h (Fig. 155 

1g). Unless specified otherwise, the light exposure for the photobiocidal efficacy 156 

assessment was maintained at an intensity of 11.9 mW/cm2 for 4 h. After exposure, 157 

the viable counts of the bacteria and bacteriophages were determined as the CFU and 158 

PFU concentrations, respectively. 159 

Time-resolved fluorescence (TRF) measurement.  160 

A TRF study was carried out using a confocal microscope (MicroTime-200, 161 

PicoQuant, Berlin, Germany). A single-mode pulsed diode laser (470 nm with a pulse 162 

width of ~30 ps and an average power of 10–100 μW, operating at a 40 MHz repetition 163 

rate) was used as an excitation source. A dichroic mirror (490 DCXR, AHF); long-pass 164 

filter (HQ500lp, AHF); and single-photon avalanche diode (PDM series, MPD) were 165 

used to collect the emissions from the samples. A time-correlated single-photon 166 

counting system (PicoHarp-300, PicoQuant) was used to count the emitted photons. 167 

Exponential function fitting for the obtained fluorescence decays was performed using 168 

the Symphotime-64 software (Ver. 2.2).  169 

Assessment of the self-degradation rate of the VLA dyes 170 

To evaluate the self-degradation rate of the VLA dyes, all of the dyes were prepared 171 

at the same concentration (10 μM) in a cuvette. The VLA dyes were exposed to a 172 

constant light power (11.9 mW/cm2) for specific durations, and their self-degradation 173 

rates were subsequently compared by monitoring the absorbance values at their 174 

respective peak wavelengths. 175 



7 

 

 176 

Light exposure conditions  177 

To evaluate both the photobiocidal performance and the rate of photo-induced 178 

degradation of the VLA dyes, a light-emitting-diode lamp (LVG95L 12W, LEDVANCE, 179 

Garching bei München, Germany) was utilized. Figure 1h shows the spectrum and 180 

optical power of the lamp. The spectrum was measured using a spectrometer 181 

(USB2000+; Ocean Optics, Orlando, FL, USA), and the optical power was measured 182 

with a power meter (PM400; Thorlabs, Newton, NJ, USA) and a thermal sensing 183 

position detector (S440C, Thorlabs). The optical power was regulated by adjusting the 184 

distance between the detector and light source. The optical powers recorded at 300, 185 

100, and 50 mm were 1.0, 5.8, and 11.9 mW/cm2, respectively. The experiment was 186 

carried out by positioning the test sample where the optical power could be measured 187 

accurately. 188 

 189 

Results and Discussion 190 

Figure 2 shows the photodynamic inactivation performance of VLA dyes. For E. 191 

coli, no significant bactericidal effects were observed under dark conditions up to a 192 

concentration of ~500 μM for all of the dyes (Fig. 2a). In contrast, under light exposure, 193 

the photodynamic bactericidal performance of the dyes demonstrated an S-shaped 194 

growth with increasing dye concentration. Significant differences in the photobiocidal 195 

performance were observed based on the type of dye. The concentrations of CV, RB, 196 

TBO, and MB required to reach the detection limit (~7.4 log reduction) were 197 

approximately 10, 12.5, 0.5, and 2.5 μM, respectively. Although the photobiocidal 198 

performance of dyes, which is affected by the wavelength of the irradiated light, may 199 

vary depending on the type of light used, we did not consider the differences in the 200 

irradiated light wavelengths and used general indoor lighting of various wavelengths 201 

to compare the photobiocidal performance of dyes under the same conditions (Fig. 202 

1h). Thus, to optimize the photobiocidal performance of dyes, further studies are 203 

necessary. 204 

Figure 2b shows the antibacterial performance of the dyes against S. epidermidis 205 

(associated with various skin-related diseases), chosen as the target Gram-positive 206 

bacterium. Compared to E. coli, relatively low concentrations of dye (0.1–0.85 μM) 207 
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were required to reach the limit of detection (LOD; ~6.2 log reduction) under light 208 

conditions, and the difference in the corresponding concentrations across dye types 209 

was similar. Furthermore, unlike when tested for E. coli, CV inactivated S. epidermidis 210 

up to the LoD at 100 μM under dark conditions. However, only 10 μM of CV was 211 

needed under light exposure to reach LoD. High RB, MB, and TBO concentrations 212 

also exhibited significant inactivation activity for S. epidermidis under dark conditions 213 

(~2.2 log reduction). These results indicate that E. coli is more resistant to 214 

photobiocidal reactions compared to S. epidermidis, consistent with previous studies 215 

on the antimicrobial performance of dyes against Gram-positive and Gram-negative 216 

bacteria. Such species-dependent differences in the antibacterial effectiveness of 217 

dyes stem from variations in the cell structure of Gram-negative/positive bacteria. 218 

(Dahl et al., 1988; Malik et al., 1992; Usacheva et al., 2001). The outer wall of the 219 

Gram-positive species, located on the exterior of the cytoplasmic membrane, has a 220 

relatively porous structure that allows for the passage of nutrients and PSs. By contrast, 221 

Gram-negative bacteria possess a highly structured outer membrane with a thickness 222 

of approximately 10–15 nm. This membrane acts as a barrier to the penetration of PSs 223 

and photoreactive species (Nikaido, 1994; Maisch et al., 2004). This limited 224 

penetration is evident in the differential inactivation performance observed under dark 225 

conditions. Furthermore, the presence of carotenoids in the intracellular content of the 226 

Gram-negative bacteria increased their resistance against photoinactivation.  227 

Figures 2c and 2d show the antiviral performance of different dyes against phages 228 

MS2 and phi 6 according to dye concentrations. Phage MS2 was selected as the target 229 

virus because it is frequently used as a surrogate for human enteric viruses owing to 230 

their similar size and morphology (Kamimoto et al., 2014). In addition, phage phi 6 is 231 

widely employed as a surrogate for highly pathogenic enveloped viruses, such as 232 

SARS-CoV-2, Ebola, and influenza, in various biotechnological applications (Jeong et 233 

al., 2023; Sorinolu et al., 2023). Although phage phi 6 belongs to a different Baltimore 234 

group (group III) than SARS-CoV-2 (group IV), they share structural and morphological 235 

similarities, including a round shape and lipid envelope. Under light conditions, 236 

compared to the bacteria test, the minimum dye concentration required to reach the 237 

bacteriophage detection limit was lower. These observations are consistent with 238 

previous studies demonstrating that viral particles are more susceptible to 239 

photosensitization than bacteria (Andrea et al., 2015; Svyatchenko et al., 2021; 240 
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Wagner et al., 2005). Both TBO and MB exhibited outstanding photobiocidal 241 

performance against bacteria and viruses, maintaining consistent minimum 242 

concentrations required to reach the LOD, despite variation in the virus types. By 243 

contrast, the photobiocidal efficacy of CV and RB varied depending on the type of virus. 244 

(Andrea et al., 2015). The photobiocidal performance of the dyes was significantly 245 

reduced in the case of phage MS2 compared to phi 6. Phages MS2 and phi 6 have 246 

similarities, such as positive-sense and single-stranded RNA viruses. However, their 247 

structures are significantly different: phage MS2 has a non-enveloped structure while 248 

phage phi 6 has an enveloped structure. Owing to its non-enveloped nature, phage 249 

MS2 is more resistant to chemical disinfectants and can withstand environmental 250 

stressors such as temperature variation, desiccation, and osmotic pressure (Costa et 251 

al., 2012; Desai et al., 2023). These differences were more noticeable under dark 252 

conditions. Even at high concentrations, no significant inactivation was observed for 253 

phage MS2 up to a concentration of ~500 μM for all dyes (Fig. 2c), while CV and RB 254 

reached the LoD for phage phi 6 when the concentration was >100 μM (Fig. 2d).  255 

The photobiocidal performances were highly dependent on the types of dye and 256 

the types of microorganisms. Under light exposure, the dye molecules absorb photons 257 

and generate the ROS, which induces cell death (Fig. 3a). The efficacy of the dyes in 258 

terms of photodynamic inactivation performance depends on the yield of the ROS 259 

production (Wainwright, 1998; Chen et al., 2010). To better understand the relationship 260 

between the ROS generation and photobiocidal performances, we investigated the 261 

time-resolved photoluminescence (PL) decay for the selected dyes (Fig. 3b). The PL 262 

average lifetime represents the mean duration time between the excitation and return 263 

of the excited singlet state (S1) to the ground state (So) through fluorescence (green 264 

line in Fig. 3a), indicating the recombination of the photogenerated electron–hole pairs 265 

(Heo et al., 2022; Sen et al., 2022a). The calculated PL average lifetimes for RB, CV, 266 

TBO, and MB were 0.176, 0.247, 0.363, and 0.419 ns, respectively. Longer PL 267 

average lifetimes facilitate increased recombination of the electron–hole pairs before 268 

transitioning into the excited triplet states (T1). Consequently, this phenomenon can 269 

inhibit the formation of T1 state (black squiggly line in Fig. 3a) (Heo et al., 2022), which 270 

are involved in the ROS generation. To further understand the ROS generation, we 271 

evaluated the autolysis of the dye as a function of light intensity. Upon exposure to 272 

light, the dyes generate ROS, which can lead to the self-degradation of the dyes (Sen 273 



10 

 

et al., 2022b). The self-degradation rate of the dyes under light conditions can indicate 274 

the amount of ROS produced. Figures 3c and 3d show the time- and light intensity-275 

dependent self-degradation of the dyes. Upon exposure to light, the concentration of 276 

CV showed minimal variations compared to other dyes, which experienced a 277 

significant decrease in the concentration with increasing exposure time. This suggests 278 

that CV may exhibit a limited capacity for ROS generation compared to other dyes, 279 

thereby lowering its inactivation performance (Noimark et al., 2016). 280 

The PL average lifetime of CV was shorter than those of TBO and MB; however, 281 

its photobiocidal performance and light intensity-dependent self-degradation rate were 282 

not better. This may be attributed to the quantum yield (blue line in Fig. 3a), signifying 283 

the capacity of the dyes to produce excited electrons upon light absorption (Gandra et 284 

al., 2004). Although CV exhibited a shorter PL average lifetime compared to those of 285 

TBO and MB, its quantum yield (0.019) was significantly lower than those of the others 286 

(TBO: 0.076 and MB: 0.04). Moreover, in low-viscosity solvents (i.e., CV) can rotate 287 

freely owing to the opposing effects due to the arrangement of the aryl rings, thereby 288 

forming a propeller-like structure. This rotational freedom of the CV molecules results 289 

in the formation of a twisted intramolecular charge transfer state in the solution as 290 

opposed to intersystem crossing to the T1 state. (Haidekker and Theodorakis, 2010). 291 

Therefore, the probability of reaching the T1 state is diminished (Noimark et al., 2016). 292 

RB exhibited the shortest PL average lifetime and the highest light intensity-293 

dependent self-degradation rate (Fig. 3b), indicating a high ROS production yield. 294 

Despite its potential for high ROS generation, the disparity in the inactivation 295 

performance based on the type of microorganisms was most pronounced. RB 296 

exhibited the highest photobiocidal performance against S. epidermidis (0.25 μM); 297 

however, its efficacy against E. coli was the lowest (12.5 μM). This substantial 298 

reduction in the bactericidal performance, dependent on the bacterial strain, is 299 

associated with the charge of the dye (Spagnul et al., 2015). The surface charges of 300 

the bacteria were consistently negative, except under pH conditions below 2 (Martinez 301 

et al., 2002). The outer membranes of the Gram-negative bacteria were more 302 

negatively charged owing to the presence of peptidoglycan, which is rich in carboxyl 303 

and amino groups, attracting cationic PSs and repelling the anionic ones. Wilhelm et 304 

al. reported that the negative charge density of the outer membrane of the Gram-305 
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negative E. coli (8.7 ± 1.7 nm-2) was approximately seven times higher than that of 306 

the Gram-positive Lactobacillus Rhamnoses (1.2 ± 0.2 nm-2) (Wilhelm et al., 2021). 307 

Thus, it was inherently difficult for RB, an anionic dye, to attach to the outer wall of 308 

Gram-negative bacteria. In addition, this diminished photobiocidal performance due to 309 

attachment issues was also observed in viruses. The viruses also possessed a 310 

negative surface charge, which resulted in poor attachment of RB; thereby, hindering 311 

the attachment of RB and decreasing its virucidal performance. The difference in the 312 

virucidal efficacy of RB compared to those of TBO or MB was minor in the case of the 313 

less-resistant phage phi 6. However, against the highly charged and resistant phage 314 

MS2, RB exhibited approximately 10-fold lower virucidal performance than TBO or MB. 315 

These findings emphasize that the performance of the PS itself is critical and that the 316 

relationship between the microorganism and the PS is a significant factor for PACT. 317 

Considering the differences in the microbial structures, it is noteworthy that the 318 

photobiocidal efficacies of TBO and MB were similar. For the virucidal test, TBO and 319 

MB required a concentration of only 0.05 μM to reach the LoD, regardless of virus type. 320 

In addition, both MB and TBO exhibited effective bactericidal performance against 321 

both bacteria. These dyes could undergo Type-I and Type-II photoreactions (Wiehe et 322 

al., 2019); the damage induced by Type-I and Type-II photoreactions is not confined 323 

to DNA/RNA, i.e., phenothiazine dyes can also damage viral surface structures such 324 

as proteins. 325 

 326 

Conclusion 327 

This study provides meaningful insights by presenting a comparative analysis of the 328 

photobiocidal performance of VLA dyes against various microorganisms. Although all 329 

dyes demonstrated excellent photobiocidal activities compared to under the dark 330 

condition, we focused on elucidating the subtle differences in these activities. Owing 331 

to differences in the biological structure between Gram-negative and Gram-positive 332 

bacteria, Gram-negative E. coli exhibited higher resistance to the photobiocidal 333 

reactions than the Gram-positive S. epidermidis. Similar to the bacteria, in viruses, the 334 

differences in the structures led to differences in the resistance to the photochemical 335 

reaction. The non-enveloped structure of phage MS2 is more resistant to photobiocidal 336 

reaction compared to the enveloped structure of phage phi 6. 337 
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In our study, time-resolved PL decay measurements and light intensity-dependent 338 

self-degradation rate assessments indicated the possibility of the highest ROS 339 

production yield of RB, leading to the expectation of superior photobiocidal activity. 340 

However, the photobiocidal activity of RB changed dramatically according to the 341 

surface charge of the microbes. TBO was least dependent on microbial types. TBO 342 

required for bactericidal and virucidal performances to reach LoD were 0.5 and 0.05 343 

µM, respectively. These findings highlight the importance of examining the relationship 344 

between the microbes and PS to optimize the photobiocidal performance by 345 

appropriately selecting PACT-driving agents based on the target microbes. While this 346 

study established the relationship between PS and two bacteria and two viruses, future 347 

studies are required to confirm the photobiocidal reactions to various microorganisms, 348 

including fungi and AMR germs. Furthermore, although this study provides information 349 

on the minimum concentrations at which the photobiocidal activity occurs, further 350 

research is required on the risk of human cell damage due to ROS generation under 351 

high concentrations of the PS. . Nevertheless, our results could serve as a foundation 352 

for developing various antibacterial and antiviral technologies using VLA organic dyes.  353 
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 510 

Figure 1. Chemical structures of (a) xanthene, (b) triphenylmethane, and (c) 511 

phenothiazine dye. (d) A photo of the VLA dyes in cuvettes at a concentration of 10 512 

µM. (e) UV–Vis absorbance spectra of the VLA dyes (10 µM). Schematics of (f) the 513 

photobiocidal test procedure and (g) light exposure test method. (h) Lamp spectrum 514 

and optical power according to distance.  515 
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 516 

Figure 2. Photochemical inactivation performances of different dyes used in this study 517 

against (a) E. coli, (b) S. epidermidis, (c) phage MS2, and (d) phage phi 6.  518 

 519 
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 520 

Figure 3. Photoreaction characterization of dyes. (a) Jablonski diagram. (b) Time-521 

resolved PL decay of RB, CV, MB, and TBO. (c) Absorbance changes in dyes with 522 

respect to the light exposure time. Ct and C0 are the absorbance of dye at peak point 523 

of the exposure time and initial time, respectively. The Inset image shows the 524 

normalized absorbance changes according to elapsed time. (d) Digital images of dyes 525 

as function of light exposure time. 526 


