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Blue light (400–500 nm) alleviates overexposure risks associated to UV light and has therefore gained increased interest in multiple applications. This meta-analysis deals with decontamination of E. coli through the use of blue light based from nine recent publications identified via a systematic literature search. In these studies, various pathogenic and non-pathogenic E. coli strains grown in nutritional broths were exposed to wavelengths ranging from 395 to 460 nm. Five meta-analyses were performed using Cochrane’s software for meta-analyses (Review Manager): one including all studies to estimate the effect of E. coli reduction and four subgroup-analyses considering reported intensities, wavelengths, exposure dose as well as serovars/pathovars. Random effects models were used. All included studies used colony-forming units to estimate the impact of E. coli reduction. None of the included studies involved an organic matrix (e.g., skin, food related surface). Exposure to blue light had a significant and large reducing effect on viable counts of E. coli. However, substantial heterogeneity across studies was observed. Among subgroups, reported intensity and wavelength showed the clearest impact on E. coli reduction. With respect to the reported exposure dose, the picture across the spectrum was scattered, but effect sizes tend to increase with increasing exposure dose. Substantial heterogeneity was also present with respect to all serovar/pathovar subgroups among the included studies. The present body of reports does not display a strong basis for recommendation of relevant intensities, wavelengths and exposure doses for superficial blue light decontamination in medical or food safety contexts. A serious shortcoming in most studies is the absence of a clear documentation of inoculum preparation and of study parameters. We suggest improvement for study protocols for future investigations.
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INTRODUCTION

The use of light as an alternative to chemical or thermal inhibition of unwanted microorganisms has received increased attention in medical, food and agricultural, water, and hygiene applications. The germicidal impact of UV-light is well established (Hijnen et al., 2006; Koutchma, 2008, 2018; Hong et al., 2014; Song et al., 2016; Marasini et al., 2021), especially with respect to microbes associated to surfaces. It has been successfully used in controlling water disinfection (e.g., Pullerits et al., 2020), various skin infections (e.g., Abana et al., 2017) as well as surgical site infections (Buonanno et al., 2013). Modification of the wavelength within the UV-band from 256 to 207 nm reduces the negative impact on human cells while maintaining the germicidal effect as stated for methicillin resistant Staphylococcus aureus (Buonanno et al., 2013). Despite a high interest in UV-treatment in food contexts to prolong shelf-life and increase food safety when thermal treatment is not an option, legislation varies in different countries. As such, implementation of UV-light and novel food ingredients requires approval in response to various regulations (Koutchma, 2018). Implementation of UV-based disinfection treatment must take occupational environment legislation into account. Given these disadvantages and corroborated by the development and low cost of light-emitting diodes (LED), applications in the visible light spectrum (400–760 nm) have been highlighted (Lui et al., 2016). This is especially true for the blue, green and red spectral bands.

Encouraging results have repeatedly been reported upon photobiological treatment of hazardous microorganisms using blue light (400–500 nm) for different applications, e.g., food safety control (Neal et al., 2012; Guffey et al., 2016; Lacombe et al., 2016; Josewin et al., 2018; Ghate et al., 2019; Hyun and Lee, 2020; Hyun et al., 2021), microbial disease treatment (Plavskii et al., 2018), esp., multidrug resistant strains (Ferrer-Espada et al., 2018), odontology (Cieplik et al., 2014), dermatology (Maclean et al., 2009) or sewage treatment (Giannakis et al., 2015). Some non-phototrophic bacteria are equipped with blue light receptor protein domains (Alsanius et al., 2019 and references therein). The physiological response to blue light varies between different microorganisms and their nutritional environment (Gharaie et al., 2017; Alsanius et al., 2021). Basic functions for microbial spreading and establishment on surfaces may be affected by blue light exposure (Vermeulen et al., 2008; Maclean et al., 2009; Alsanius et al., 2021). Suggested mechanisms involved into the photoinhibitory effect of blue light revolve around the presence of photoreceptor proteins, such as porphyrins or flavins, that can capture a photon converting it into an electronic signaling mechanism (Krauss, 2007). For disinfecting purposes, this signaling mechanism can be used against bacteria through a cascading chain of events ultimately leading to bacterial inhibition or mortality. In the presence of the proper wavelength of light at high enough intensities, Reactive Oxygen Species (ROS) are generated due to this photon capture and conversion, ultimately causing damage to the cell wall (Ryter et al., 2007), DNA, proteins and lipids. Possible photoinhibitory effects are summarized in Figure 1.
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FIGURE 1. Concept map on interactions between Escherichia coli (E. coli) and blue light in the short waved band. Intensity of the blue light source as well as the duration of exposure are critical for the impact on the organism’s physiological responses. The cascade of events evolving as a response to blue light exposure are presented within the orange dotted frame. Biological and environmental factors affecting the cascade of events are placed in gray boxes to the left and right side of the box, respectively.


In this systematic review, we consider the impact of light quality (i.e., the spectral distribution of light) in the short-waved blue band on Escherichia coli (E. coli). We focus on the following research questions:


(i)Does short-waved blue light have a deleterious impact on E. coli?

(ii)Which wavelengths in the blue spectrum have a deleterious impact on E. coli?

(iii)Which intensities cause inactivation or cause lethal effects in E. coli?

(iv)Are there any other process parameters that affect inactivation or death of E. coli (strain, time, matrix, temperature)?





METHODS


Systematic Review

The systematic literature review was based on (i) the identification of relevant original research articles using the Scopus database, without time limitation, followed by (ii) data screening and (iii) appointment of included full text articles.



Data Collection


Search Strategy

The literature search was conducted on 15 February, 2021. The search query (Supplementary Table 1) used to identify all relevant peer reviewed articles was (“bluelight” OR “blue-light” OR “blue light”) AND (“E. coli” OR “Escherichia coli”). No time limitations were set which yielded 430 results.



Inclusion and Exclusion Criteria

Articles found during the Scopus search were screened and removed or kept based on examination of titles and abstracts. The remaining accepted articles were read for content. Articles were selected based on the flowchart as seen in Figure 2.
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FIGURE 2. Search criteria and process for selecting articles included in the meta-analysis.




Inclusion Criteria

Original peer-reviewed articles published in English that met the following criteria were considered for inclusion:


•Included > 1 of the search terms in the title, abstract, or as a keyword (TITLE-ABS-KEY).

•Included serovars and pathovars belonging to Escherichia coli (E. coli).

•Included wild type or some form of naturally occurring E. coli pathovar (not genetically engineered to alter effect or heterologous expressed form).

•Stated specific wavelength as the focal point of light rather than just general “blue light.”

•Assessed for blue light exposure and interactions or its association with inactivation, inhibition, death or efficacy of E. coli.

•Reported specific initial and final point of the experiments (CFU or log CFU) with standard deviation for both parameters. Papers reporting just percent inactivation were removed from the final tally.





Exclusion Criteria

Articles were excluded if they fulfilled the following criteria;


•Did not primarily assess bacteria-blue light interactions of a specific wavelength or any of the key concepts.

•Did not include serovars and pathovars belonging to E. coli.

•Did not deal primarily with the use of blue light for inhibition or inactivation of E. coli.

•Were not original peer-reviewed research articles.

•Did not contain sufficient data from E. coli experiments to calculate effect sizes.

•Inhibition/inactivation accelerated through the use of a catalyst (not solely due to blue light).

•Paper published in a language other than English with no translation.

•Duplicate hits.



Publications included in the present systematic review are listed in Table 1. It is worthwhile to emphasize that the two publications of Ferrer-Espada and co-workers included into this review used different E. coli strains, hence do not constitute any overlapping information.


TABLE 1. Included journal articles for this meta-analysis organized by the field of study that used for blue light inhibition of E. coli.
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Data Conversion

For samples that only reported initial and final logarithmic measurements, a simple conversion was made from the data reported to the initial and final CFUs.
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Phyotodynamic inhibition (PDI) was calculated for all data as a percent decrease in CFUs.
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For any selected articles reporting only intensity ([image: image]), time (minutes), or exposure dose ([image: image], a conversion was made to include all three elements using the following equation:
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Data Analysis

In total, five meta-analyses were performed: (1) of all included studies, to estimate effect of blue light treatment on E. coli reduction, (2) subgroup-analysis based on reported intensities, (3) subgroup-analysis based on reported wavelength, (4) subgroup-analysis based on reported exposure dose, and (5) subgroup-analysis based on reported serovar/pathovar. These were conducted using Cochrane’s software for meta-analyses, Review Manager 5.4.1. Random effects models were used consistently to facilitate conclusions applicable beyond the included data (Tufanaru et al., 2015; Higgins et al., 2019). Standardized mean scores were calculated for each included study’s initial and final number of colony-forming units (CFU). Standardized mean differences were used to establish the effect size (Hedges’ g) on CFU reduction after blue light treatment compared to initial CFU for each included study. Effect sizes were weighted by the inverse variance of their study, so that data from studies with better precision had greater impact on the aggregated results of the meta-analysis (Moeyaert et al., 2017). Those inverse variance-weighted effect sizes were then averaged to determine the aggregated effect of blue light treatment on CFU of E. coli. In the subgroup-analyses, results from different subgroup defining factors (i.e., intensities/wavelengths/exposure/serovar/pathovar) within the same study were treated as individual studies. As an example, in the study reported by Ferrer-Espada et al. (2018), half of the samples were exposed to blue light treatment with 60 mW/cm2 intensity while the other half were exposed to an intensity of 100 mW/cm2. Therefore, in meta-analysis (2) the data reported from Ferrer-Espada et al. (2018) were treated as two separate studies; Ferrer-Espada et al. (2018) (60 mW/cm2), and Ferrer-Espada et al. (2018) (100 mW/cm2).

As recommended by Higgins et al. (2019), statistical heterogeneity was assessed using the I2 test, and the strength of heterogeneity was determined by the p-value of χ2. Specifically, the cut-off for a potential problem with heterogeneity was a p-value < 0.1 for χ2, while I2 of 30–60% was interpreted as “may represent moderate heterogeneity,” 50–90% as “may represent substantial heterogeneity,” and 75–100% as “considerable heterogeneity.”




Quality Assessment

A quality assessment for five bias domains (domain 1: randomization, D1; domain 2: deviation from intended interventions, D2; domain 3: missing outcome data, D3; domain 4: outcome measurement, D4), selection of reported results, D5) was made as recommended by Higgins et al. (2021). Grading (yes, probably yes, no, probably no) was conducted in two independent screenings using a modified version of the signaling question catalog, and screening outcomes summarized in three judgments: “low risk of bias,” “high risk of bias” and “some concerns.” Criteria underlying the translation of screening results to judgments are listed in Supplementary Table 2.




RESULTS

The aggregated results from the initial random effects meta-analysis of all included studies indicated a significant decrease of CFU after blue light treatment. The aggregated effect size (g) was 1.49 (95% confidence interval: 0.64–2.34; Z = 3.43, p = 0.0006; χ2 = 147.19, p < 0.00001; I2 = 95%). Estimated effects for each included study are presented in Figure 3 and Table 2. As expected, similar aggregated results were found in the subsequent subgroup-analyses.
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FIGURE 3. Forest plot of reduction of E. coli post blue light exposure in all included studies.



TABLE 2. Characteristics of all included studies.

[image: Table 2]
The subgroup-analysis of intensities indicated a significant decrease of CFU after blue light treatment for all studies using intensities of 5.52–50 mW/cm2, but none of the studies using intensities of 60–1,262.6 mW/cm2. Differences in CFU decrease among subgroups were significant (χ2 = 135.5, p < 0.00001). Tests of statistical heterogeneity for subgroup 60 mW/cm2 showed χ2 = 0.23, p = 0.64; I2 = 0%. Tests of statistical heterogeneity were not applicable to the remaining subgroups of this analysis as the amount of studies was insufficient. Statistical heterogeneity for the entire intensities subgroup-analysis was indicated by χ2 = 135.71, p < 0.00001; I2 = 93%. Figure 4 and Table 3 display estimated effects for each included study and subgroup.
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FIGURE 4. Forest plot of reduction of E. coli post blue light exposure by intensity.



TABLE 3. CFU E. coli outcomes by intensity.
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In the subgroup-analysis of wavelengths, significant CFU decrease was seen in subgroups of 395–445 nm but not in subgroups of 455–460 nm. Differences in CFU decrease among subgroups were significant (χ2 = 83.6, p < 0.00001) Tests of statistical heterogeneity for subgroup 405 nm showed χ2 = 37.23, p < 0.00001; I2 = 84%, and χ2 = 28.22, < 0.00001; I2 = 96% for subgroup 460 nm. Tests of statistical heterogeneity were not applicable to the remaining subgroups of this analysis as the amount of studies was insufficient. Tests of statistical heterogeneity for the entire wavelengths subgroup-analysis showed χ2 = 155.03, p < 0.00001; I2 = 92%. Figure 5 and Table 4 display estimated effects for each included study and subgroup.
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FIGURE 5. Forest plot of reduction of E. coli post blue light exposure by wavelength.



TABLE 4. CFU E. coli outcomes by wavelength.
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The subgroup-analysis of exposure dose indicated scattered results, where a significant CFU decrease was seen among subgroups of exposure dose 10, 30, 45, 60, 70, 90, 100, 135, 180, 240, 360, 480 and 540 J/cm2 but not among subgroups of exposure dose 0.3312, 0.6624, 1.3248, 1.9872, 2.6496, 3.312, 25, 50, 120, 150, 162, 216 or 576 J/cm2. Differences in CFU decrease among subgroups were significant (χ2 = 105.5, p < 0.00001). Tests of statistical heterogeneity showed following results: χ2 = 0.03, p = 0.85; I2 = 0% for subgroup 10 J/cm2; χ2 = 0.00, p = 0.99; I2 = 0% for subgroup 30 J/cm2; χ2 = 7.87, p = 0.005; I2 = 87% for subgroup 50 J/cm2; χ2 = 5.09, p = 0.02; I2 = 80% for subgroup 180 J/cm2; χ2 = 2.11, p = 0.15; I2 = 53% for subgroup 360 J/cm2. Tests of statistical heterogeneity were not applicable to the remaining subgroups of this analysis as the amount of studies was insufficient. Tests of statistical heterogeneity for the entire exposure dose subgroup-analysis showed χ2 = 165.25, p < 0.00001; I2 = 81%. Figure 6 and Table 5 display estimated effects for each included study and subgroup.
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FIGURE 6. Forest plot of reduction of E. coli post blue light exposure by exposure dose.



TABLE 5. CFU E. coli outcomes by exposure doses.
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When analyzing initial and final CFU based on serovar/pathovar in the last subgroup-analysis, significant CFU decrease was seen for ATCC8793, O157H7, DH5a and K12 but not for AF0006, ATCC 25922, E343, E402, E9034A, EC958, MG1655 or UT189. Differences in CFU decrease among subgroups were significant (χ2 = 61.1, p < 0.00001). Tests of statistical heterogeneity showed following results: χ2 = 5.65, p = 0.02; I2 = 82% for subgroup O157H7; χ2 = 0.06, p = 0.81; I2 = 0% for subgroup UT189; χ2 = 18.37, p = 0.0001; I2 = 95% for subgroup ATCC 25922; χ2 = 9.02, p = 0.003; I2 = 89% for subgroup K12. Tests of statistical heterogeneity were not applicable to the remaining subgroups of this analysis as the amount of studies was insufficient. Tests of statistical heterogeneity for the entire serovar/pathovar subgroup-analysis showed χ2 = 114.39, p < 0.00001; I2 = 87%. Figure 7 and Table 6 display estimated effects for each included study and subgroup.
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FIGURE 7. Forest plot of reduction of E. coli post blue light exposure by serovar/pathovar.



TABLE 6. CFU E. coli outcomes by serovar/pathovar.
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QUALITY ASSESSMENT AND BIAS OF RISKS

Apart from the broad diversity of light intensities and exposure as well as E. coli strains, a range of matrices were used in the present set of studies, complicating comparability between studies. The overall outcome quality assessment of bias indicated in general some concerns or high risk of bias across studies (Figure 8). In detail, none of the studies was distinct with respect to randomization of samples during preparation, exposure, nor during analysis (order of sampling, enumeration; domain 1 “Randomization,” D1). An additional confounding factor was the absence of standardization procedures with respect to the physiological status of the inoculum (exceptions: Abana et al., 2017; Kim and Kang, 2021) or ray distribution (exception: Hoenes et al., 2015). No deviations from intended interventions or withdrawal of information were observed (Domain 2, D2). In this context it is worthwhile to note, that the studies only report on sample numbers included into the statistical analysis and thus do not allow a clear judgment. Likewise, with respect to domain 3, missing outcome data (D3), the assessment was left with uncertainties. Multiple concerns became evident with respect to the measurement of the outcome (domain 4, D4). Most studies based their analysis on viable count. Upon stress, cells of some microbial species may transcend to different forms of dormancy, e.g., viable but not culturable (VBNC), persister cells. This has also been demonstrated for E. coli. Only two of the involved studies (Abana et al., 2017; Kim and Kang, 2021) account for the dilemma evolving from the exclusiveness in viability concepts, but these studies used different methods to assess viability. There are several additional issues regarding measurement—namely absence of true control treatments (unexposed samples) as well as uncertainties regarding abiotic experimental conditions (i.e., temperature) and exposure length. In combination, they may provoke a crucial mass of biases. (i) the interaction between microbial growth and temperature is well known. Temperature regime during inoculum propagation and during blue light incubation influences cell viability. (ii) Exposure is a function of light intensity and time (Equation 3). Exposure length may be used to compensate for light sources with lower intensity. Depending on the strength of the light source, the additional exposure length may be substantial and additional microbial propagation may take place. It is thus critical that true controls are incorporated into such experiments, allowing standardization of potential additional growth. The present set of studies used the microbial titer before exposure to blue light as the reference to compare the outcome of the treatment. This complex of biases needs to be viewed in the light of lacking reports on experimental conditions and cell age. Last, but not least, concerns with respect to the selection of reported results (domain 5, D5) need attention, as few studies distinctly document or involve enough true replicates, technical replicates and repetitions of the interventions. Ultimately, no studies were selected for removal due to bias because any potential discriminating factors were widespread throughout studies on blue light decontamination of E. coli.
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FIGURE 8. Risk of bias assessment using traffic light plots and domain level judgments for each study using the Robvis-tool [Risk of bias tools—robvis (visualization tool)]. Five domains were considered based on Higgins et al. (2020) (D1: bias to randomization; D2: Bias due to deviations from intended interventions; D3: Bias due to missing data; D4: Bias due to outcome measurement; D5: Bias to selection of reported results). Judgments are based on multiple criteria and marked as + in green field: low risk,—in yellow field: some concerns and—in red field: high risk (see Supplementary Table 2).




DISCUSSION

There is a substantial interest from medical, food and environmental sciences on short waved blue light to circumvent the use of antibiotics to treat bacterial skin and oral infections, to increase food safety, and to aid in environmental remediation (e.g., sewage water). Blue light often appears to be the new silver bullet. Indeed, this systematic review supports the reducing potential by the short wave blue light of culturable E. coli (Figure 3). From the included body of literature, both light intensity and wavelength were identified as the most decisive factors to reduce the number of culturable E. coli. Despite the significantly large effect size, considerable heterogeneity was present across studies, meaning that the effect of blue light treatment is not uniform. The impact of light intensities and wavelengths on the occurrence of culturable E. coli ceased when exceeding 50 mW/cm2 and 445 nm, respectively. However, caution is required when interpreting these results. For example, only the intensity subgroup employing 60 mW/cm2 consisted of more than one study. A light intensity of 50 mW/cm2 might be considered as a possible cut-off value. However, the considerable heterogeneity across all studies blurs the picture and significant results were obtained for some but not all subgroups. The same applies to the subgroup analysis with respect to wavelengths. The existing body of information does not allow any recommendations on suitable intensity, dose or exposure of blue light toward E. coli for sanitation or cure, as the number of eligible studies is low and many studies.


•lack sufficient proof on the effect of the treatment on the target organism (viable, but not culturable, VBNC; inactivated; lethal).

•are short in or lack vital information on experimental procedures.



There is a considerable weakness to the mode in which the inactivation of E. coli was assessed in the included studies. In all studies, viable count through enumeration of colony-forming units was used. This is a well-established method to estimate the presence of bacteria and bacterial groups which can grow on stationary microbiological media, but there are inherent pitfalls to this method. For the interpretation of the given information, the detection limit needs to be defined. “No growth” on stationary medium under standardized conditions is often interpreted as “absence.” Apart from their potential presence below the detection limit, cells might be present as viable but non-culturable cells (VBNC) and persister cells. The transition to the viable but not culturable stage has been shown for several organisms, including E. coli (Oliver, 2010). Upon hostile environmental conditions, cells thus switch to a low, but measurable metabolic stage with maintained respiration and cell wall integrity, but can retain virulence and infectivity upon resuscitation (Oliver, 2010). Bacterial subpopulations entering a dormant, non-dividing stage upon environmental stress (e.g., chemotherapy) are called persister cells. They are known to survive conditions lethal to regular cells (Lewis, 2010). Therefore, revitalization might occur as shown in Giannakis et al. (2015). All three post exposure options listed here lead to recolonization or recurrent infection. The included body of studies most likely underestimate the number of living cells and thus the level of inactivation. RNA-based approaches involving RT-PCR or ddPCR might give a more distinct result on the blue light impact on E. coli.

Information on the cell culture’s physiological status is vital and might account for some of the conflicting or scattered results. As demonstrated by Abana et al. (2017) sensitivity to blue light varies between different physiological stages (exponential, transition, stationary). For four out of eight tested strains, the strongest sensitivity to blue light exposure occurred during the exponential phase, while 25% of the tested strains displayed strongest sensitivity during stationary phase when compared to the unexposed controls. Likewise, the mode of growth (planktonic, biofilm) needs to be taken into account, as marginal blue light impact was observed for biofilm associated E. coli (Ferrer-Espada et al., 2018, 2020). Thus display of cardinal growth parameters (e.g., generation time) and tested physiological stage for tested strains, their mode of growth as well as a robust operation parameters during propagation and exposure must be included to find relevant PDI levels.


Strengths and Limitations

This systematic review indicates that the results must be considered with caution (i) as only a small number of studies were included, (ii) as study parameters were very heterogeneous and (iii) as the included studies lacked a robust presentation of study conditions. Although, the study still indicates an inhibitory impact on culturable E. coli following blue light exposure, the initial questions regarding threshold levels for wavelength, light intensities and other process parameters affecting photodynamic inactivation remain unanswered.

To disentangle the true picture of the photodynamic inactivation of E. coli using blue light, studies would benefit from more basic information about the preculture and culture conditions. Only three of the included studies (Cieplik et al., 2014; Hoenes et al., 2015; Ferrer-Espada et al., 2020) reported the incubation temperature while exhibited to blue light, and information on preculture incubation temperature and lengths as well as nutritional conditions were scarce. Hence, did the studies display the true effect of blue light or rather a mixed impact blurred by the preculture history? Display of growth curves or growth curve parameters during preculture and blue light exhibition would allow for inferences on the physiological stage of the studied cells. This is of premier importance when elaborating on exposure dose. The exposure dose is a measure of the absorbed radiation dose. Depending on the intensity of the chosen LED device, the length of exposure may vary between different studies and thus allow propagation of the cells and thereby contribute to a heterogeneous impact on measured CFU. Long exposure of E. coli to low intensities of blue light may also contribute to nutrient depletion upon propagation; obtained results might hide cross stress responses.

The absence of true control groups, following the propagation of E. coli under comparable study conditions in the absence of blue light is a major dilemma and contributes considerably to uncertainty. The study design governing the included studies compares viable counts of E. coli before and after exposure to blue light, but a control group is not considered. This first named scenario might overestimate the impact of the blue light treatment (or potentially these studies underestimate effects).



Recommendation

Our analysis shows that E. coli may be photodynamically inhibited using blue light. Based on the selected studies and the high level of heterogeneity, it does not display a strong basis for recommendation of relevant intensities, wavelengths or exposure doses for superficial blue light decontamination in medical or food safety contexts. More studies are needed to draw conclusions regarding subgroup parameters, such as exposure, intensity, wavelength and strain. To unravel biases, we strongly recommend requesting future reports to include:


•Preculture and culture conditions: strain (incl. presence of blue light receptor proteins), incubation temperature and length, nutritional conditions and preculture conditions that reflect the study conditions during exposure.

•Experimental design: a true control group/s, methods to evaluate treatment responses that reflect the intended goal of the study (inactivation, inhibition, death) and purpose, methods that avoid long incubation times to compensate for low light intensities, growth curves and growth curve parameters.

•Experimental management: survey of true light intensities as devices might age; survey light transmission through the lid covering the bacterial culture during the experiment.






CONCLUSION


1)Exposure to blue light seemingly has a significant and large reducing effect on viable counts of E. coli.

2)There is substantial heterogeneity across studies.

3)Among subgroups intensity and wavelength showed the clearest impact.


a.)Intensity

b.)Wavelength



4)Exposure dose shows a scattered picture across the spectra, but effect sizes tend to increase with increasing exposure dose.

5)Heterogeneity occurred in all serovar/pathovar subgroups based on the present range of studies.

6)A clear documentation of inoculum preparation and study parameters is mostly absent.

7)We suggest improvement for study protocols for future investigations.
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Abana et al., 2017 72 0.225 11.695 11.584 0.111 4.957E11 3.840E11 8.2% 0.07 0.4
(1.750E12) (1.567E12) (-0.26 t0 0.39) —0.69
460 nm
Cieplik et al., 2014 18 0.010 7.918 7.914 0.004 8.288E7 8.202E7 7.8% 0.08
(1.028E7) 10031536.4 (—=0.57 t0 0.74)
Hoenes et al., 2015 (460 nm) 15 0.894 6.000 5.026 0.974 1.000E6 1.063E5 6.5% 4.06
(2.365E5) (1.891E5) (2.7510 5.38)
Subtotal 460 nm 33 14.2% 2.03 1.02
(—1.871t05.93) —0.31
Total 305 100% 1.9 5.28
(1.20t0 2.61) (<0.00001)

PDI, photodynamic inactivation; log(l), pretreatment log CFU-value; log(K), post-treatment log CFU-value.
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