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A B S T R A C T   

Background: Antimicrobial blue light (aBL) kills a variety of bacteria, including Porphyromonas gingivalis. How-
ever, little is known about the transcriptomic response of P. gingivalis to aBL therapy. This study was designed to 
evaluate the selective cytotoxicity of aBL against P. gingivalis over human cells and to further investigate the 
genetic response of P. gingivalis to aBL at the transcriptome level. 
Methods: Colony forming unit (CFU) testing, confocal laser scanning microscopy (CLSM), and scanning electron 
microscopy (SEM) were used to investigate the antimicrobial effectiveness of blue light against P. gingivalis. The 
temperatures of the irradiated targets were measured to prevent overheating. Multiple fluorescent probes were 
used to quantify reactive oxygen species (ROS) generation after blue-light irradiation. RNA sequencing (RNA- 
seq) was used to investigate the changes in global gene expression. Following the screening of target genes, real- 
time quantitative polymerase chain reaction (RT-qPCR) was performed to confirm the regulation of gene 
expression. 
Results: A 405 nm aBL at 100 mW/cm2 significantly killed P. gingivalis within 5 min while sparing human gingival 
fibroblasts (HGFs). No obvious temperature changes were detected in the irradiated surface under our experi-
mental conditions. RNA-seq showed that the transcription of multiple genes was regulated, and RT-qPCR 
revealed that the expression levels of the genes RgpA and RgpB, which may promote heme uptake, as well as 
the genes Ftn and FetB, which are related to iron homeostasis, were significantly upregulated. The expression 
levels of the FeoB-2 and HmuR genes, which are related to hydroxyl radical scavenging, were significantly 
downregulated. 
Conclusions: aBL strengthens the heme uptake and iron export gene pathways while reducing the ROS scavenging 
pathways in P. gingivalis, thus improving the accumulation of endogenous photosensitizers and enhancing 
oxidative damage to P. gingivalis.   

1. Introduction 

Porphyromonas gingivalis, a gram-negative bacterium that colonizes 
the human oral cavity, is involved in the pathogenesis of gingivitis, 
periodontitis, and peri-implantitis; is associated with systemic diseases; 

and may even promote the development of oral squamous cell carci-
noma to some degree [1–5]. The initial therapy for periodontal diseases 
relies on scaling and root planning, followed by adjunctive therapies, 
such as antiseptics and/or antibiotics, which may cause brown discol-
oration of the teeth, alteration in taste, oral mucosal irritation [6–9], or 
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drug resistance [10]. Therefore, alternative antimicrobial approaches 
that target P. gingivalis should be explored. 

Antibacterial blue light (aBL) in the spectrum of 400–470 nm is a 
non-antibiotic approach that can selectively kill bacteria while sparing 
the host cells [11]. Its foundation is comparable to antimicrobial 
photodynamic therapy [12]. In previous studies, P. gingivalis was found 
to be susceptible to aBL [13–15], and the underlying mechanism was 
thought to be endogenous photosensitizers such as porphyrins, which 
can generate cytotoxic reactive oxygen species (ROS) upon blue light 
irradiation [16]. Considering that P. gingivalis lives in an environment 
covered with fluids orally and oxygen is introduced where the device 
arrives in clinical periodontal treatment, we need to consider studying 
the effect of aBL on P. gingivalis in an aerobic liquid environment. 

Global genome-wide studies on changes in expression patterns in 
response to antimicrobial agents have provided a deeper understanding 
of antimicrobial action. In this study, we evaluated the cytotoxicity of 
aBL on P. gingivalis and human gingival fibroblasts (HGFs). Under a 
suitable light dose that selectively kills bacteria, the genetic response of 
P. gingivalis to aBL was analyzed using RNA-Seq. Analyses of differen-
tially expressed genes (DEGs) showed that aBL regulates the transcrip-
tion of genes related to heme uptake, iron homeostasis, and hydroxyl 
radical scavenging. These results were further verified using real-time 
quantitative polymerase chain reaction (RT–qPCR). 

2. Materials and Methods 

2.1. Bacterial Culture 

Cryopreserved P. gingivalis (W83), generously provided by the Oral 
Microbiology Laboratory of Peking University School of Stomatology, 
was resuscitated in brain heart infusion (BHI; Becton, Dickinson and 
Company, New York, Franklin Lakes, New Jersey, USA) agar medium 
containing 5% defibrinated sheep blood, 5 μg/mL hemin, and 1 μg/mL 
vitamin K (Solarbio, Beijing, China). Cells were cultured at 37◦C in a 
BacBasic anaerobic incubator (95% N2, 5% CO2, and 5% H2; SHEL LAB 
Bactron, Reno, Nevada, USA) for approximately five days to form black 
colonies. 

2.2. Light Apparatus 

The light source was a blue collimated LED (M405L4, Thorlabs, USA; 
wavelength 405 ± 8 nm). The power output was measured using a 
power/energy meter (PM100D; Thorlabs, Newton, NJ, USA). The LED 
was fixed onto a stand with the light-emitting end right on the top of the 
bacterial suspension, and the light was delivered vertically to the object. 
The distance between the light-emitting end and top surface of the 
bacterial suspension was 3 cm. The irradiance was calculated based on 
the light output and area of the light spot. 

2.3. Antimicrobial Blue Light (aBL) Inactivation of bacteria 

2.3.1. Colony-forming Unit (CFU) Testing 
P. gingivalis inoculated from a single colony was cultured in 1 mL of 

BHI liquid medium overnight and then diluted 1:100 to enrich the cul-
ture for approximately 24 h to reach the logarithmic growth phase. The 
bacterial suspensions were centrifuged, resuspended in phosphate- 
buffered saline (PBS; P1010; Solarbio, Beijing, China) and adjusted to 
an optical density of 0.1 at 630 nm (OD630nm = 0.1). The suspensions (1 
mL) were added to a 12-well plate. For the aBL therapy, an irradiance of 
100 mW/cm2 was used. After exposure to aBL for 0–5 min, each sample 
was serially diluted 101–106 fold with PBS. Aliquots (10 μL) of each 
dilution were streaked horizontally onto square BHI agar plates and 
incubated under anaerobic conditions in the dark to allow for colony 
formation. Each group was tested in triplicates and repeated at least 
three times. 

2.3.2. Confocal Laser Scanning Microscopy (CLSM) 
P. gingivalis (OD630nm = 0.1, 4 mL) was suspended in saline solution 

and divided into four aliquots in 15 mm glass-bottom cell culture dishes 
(801,002, NEST, Wuxi, China). The samples were then illuminated with 
aBL (100 mW/cm2) for 0, 5, 10, or 15 min. Each sample was then stained 
with LIVE/DEAD Bac Light Bacterial Viability stain (L7012, Invitrogen, 
Carlsbad, CA, USA) following the manufacturer’s instructions, and 
observed under a confocal laser scanning microscope (CLSM, LSM710, 
Zeiss, Germany). This kit offers two-color discrimination between live 
and dead populations based on membrane integrity. Cells with intact 
membranes were stained green (SYTO-9) and considered live, whereas 
those with compromised membranes were stained red (PI) and consid-
ered dead. 

2.3.3. Scanning Electron Microscopy (SEM) 
P. gingivalis (OD630nm = 0.1, 300 μL) was suspended in saline solution 

and subjected to aBL exposure (100 mW/cm2 for 0 or 15 min). Each 
sample was fixed with 2.5% glutaraldehyde on a glass sheet at 4◦C 
overnight. The samples were then immersed in 30%, 50%, 70%, 80%, 
and 90% alcohol for approximately 15 min, followed by two 100% 
alcohol dehydrations. The samples were air-dried and sputter-coated 
with metal in vaccum for observation under a scanning electron mi-
croscope (SEM; SU8010; Hitachi, Tokyo, Japan). 

2.4. Safety of Blue Light 

2.4.1. Temperature Measurements 
To determine whether the efficacy of blue light in killing planktonic 

bacteria was due to a temperature increase, thermocouples (UT325, 
UNI-T, Dongguan, China) were used to monitor the temperature changes 
during blue light irradiation. The temperature was recorded from the 
time when it reached 36◦C and lasted for 720 s (12 min), and the tem-
perature curve was fitted with the Boltzmann function of Origin Pro 
2021 (OriginLab Corporation, MA, USA). 

2.4.2. Effect of Blue Light on Host Cells Versus bacteria 
Human gingival fibroblasts (HGFs) were generously donated by the 

Central Laboratory of the Peking University School of Stomatology. Cells 
were grown in antibiotic-free DMEM supplemented with 10% FBS in a 
12-well cell culture plate. When cell confluence reached 60%-80%, 10 μl 
of 108 CFU/mL P. gingivalis suspension was added to the cell culture and 
coincubated for 4 h. The mixture was then exposed to aBL at 100 mW/ 
cm2 for 0 or 5 min. HGF cells not incubated with P. gingivalis were used 
as controls. Live/dead bacterial staining and subsequent fluorescence 
microscopy (CKX53; olympus, Tokyo, Japan) were used to observe the 
survival of fibroblasts and bacterial cells. 

2.5. Reactive Oxygen Species (ROS) Detection 

To understand the mechanism underlying aBL inactivation of 
P. gingivalis, we examined ROS production during aBL irradiation using 
different ROS probe agents: 

Singlet oxygen (1O2): Singlet Oxygen Sensor Green (MA0326; Mei-
lunstar, Dalian, China). 

Hydrogen peroxide (H2O2): Hydrogen Peroxide Assay Kit (S0038; 
Beyotime, Shanghai, China). 

Superoxide (O2
⋅-): Superoxide Assay Kit (S0060; Beyotime, Shanghai, 

China). 
Hydroxyl radicals (⋅OH): Hydroxylamine fluorescein (BB-46062; 

Bestbio, Nanjing, China). 
The probes were prepared according to the manufacturers’ in-

structions, and each probe was incubated with the same volume of 
P. gingivalis suspension (108 CFU/mL, 100 μL in 96 wells) in PBS for 10 
min. Each group was irradiated with aBL for 0–5 min, and fluorescence 
was measured using a Multimode Plate Reader (Enspire, Perkin Elmer, 
Waltham, USA) at 1-min intervals. All experiments were performed in 
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triplicates at least three times. 

2.6. RNA Sequencing (RNA-seq) 

P. gingivalis bacterial suspensions were collected as described above 
and treated with or without aBL. For the aBL-treated group, the basic 
illumination parameters were the same as those described in Section 
2.3.1, except that the exposure time was shortened to 4 min to allow for 
the presence of live bacteria. The samples were analyzed in triplicate, as 
shown in Table 1. Transcriptome sequencing and data analyses were 
performed at the CAS Key Laboratory of Pathogenic Microbiology and 
Immunology, Institute of Microbiology, Chinese Academy of Sciences. 
The basic steps included RNA-seq library preparation, sequencing, bio-
informatic analysis, and visualization. The details are provided in the 
Supplementary Materials. Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analyses as well as protein- 
protein interaction (PPI) network analysis were performed. 

2.7. Reverse Transcription Quantitative Real-time PCR (RT–qPCR) 

Total RNA was extracted from P. gingivalis using a HiPure Bacterial 
RNA Kit (R4181; Magen, Guangzhou, China) according to the manu-
facturer’s instructions. The RNA quality was monitored using a UV 
spectrophotometer (Nanodrop N8000; Thermo Fisher Scientific, USA). 
All samples used in this study exhibited A260/A280 ratios of 1.8 to 2.1. 
FastStart Universal SYBR Green Master Mix (ROX) was used for 
RT–qPCR in Real-Time PCR Systems (Applied Biosystems 7500; Thermo 
Fisher Scientific company, Cleveland, Ohio, USA) [17]. The primers 
(Table 2) were designed using Primer 3 (https://primer3.org/) and 
synthesized by Sangon Biotech (Sangon, Shanghai, China). The details 
are provided in the Supplementary Materials. The resulting fold change 
represents the relative expression level of a given gene compared to that 
in the non-irradiated control. 

2.8. Statistical Analysis 

Data were analyzed using the unpaired t-test, one-way analysis of 
variance, or Student’s t-test when necessary [18–20]. P < 0.05 was 
considered significant. All statistical analyses were pperformed using 
Origin Pro (OriginLab Corporation, MA, USA) and Sangerbox 3.0 plat-
form [21]. 

3. Results 

3.1. The Effect of aBL on P. gingivalis 

To determine the killing effect of blue light on P. gingivalis, bacterial 
survival after aBL irradiation was observed by the CFU assay and live/ 
dead bacterial staining. CFU testing showed that P. gingivalis could 
achieve > 99.9% inactivation after 3–5 min of blue light irradiation 
(Fig. 1 A). Real-time monitoring of the temperature of the bacterial 
suspension showed a temperature increase of only 1.7 ◦C following 5 
min of light irradiation, suggesting that the survival loss was unlikely to 
be attributed to overheating (Fig. 1 B). Although the vast majority of 
bacteria were unculturable after aBL treatment, the proportion of bac-
terial cells with compromised membranes accounted for only 15% after 

5 min of irradiation, indicating that most of the cell membrane of 
P. gingivalis remained intact immediately after aBL exposure. After 15 
min of irradiation, the proportion of ruptured membranes was < 45%, 
which was inconsistent with the CFU reduction (Fig. 1 C&D). From the 
SEM images (Fig. 1 E & F), morphological changes in the bacterial cells 
were also observed after aBL treatment, showing a wrinkled surface or 
completely broken structure in some of the P. gingivalis. 

3.2. Safety of aBL 

The LIVE/DEAD staining using SYTO-9 and PI has been widely used 
to determine the viability of bacterial cells. In this study, we verified that 
the stains were also able to distinguish dead cells from living HGF cells 
(Fig. S2). For irradiation of the HGFs contaminated with P. gingivalis, 
almost all the HGFs were still stained green after 10-min light exposure, 
indicating that aBL had low toxicity to HGF cells. However, most bac-
terial cells stained red under the same conditions. The effects of blue 
light on HGF cells were further determined using the CCK-8 and cell 
proliferation assays. No significant killing or growth arrest was caused in 
the HGFs by blue light at 100 mW/cm2 for 10 min (Fig. S1). Altogether, 
these results proved that a suitable dosage of aBL could be lethal for 
P. gingivalis but remains safe for host cells (Fig. 2). 

3.3. ROS Generation Tests 

The signals of hydroxyl radicals (⋅OH) increased by nearly 400% 
after light irradiation, while those of singlet oxygen (1O2) and hydrogen 
peroxide (H2O2) did not increase significantly. Moreover, the superoxide 
(O2

⋅-) signal unexpectedly declined by < 20% (Fig. 3A). The large amount 
of hydroxyl radical generated led to the speculation that the Fenton 
reaction, by which free iron catalyzes the conversion of hydrogen per-
oxides to free radicals, is most likely to be involved in the aBL process. 
Iron/heme acquisition is an important feature of P. gingivalis. Given that 
hemin may provide the photoactivatable metabolite porphyrins and 
may also play a protective role against peroxide stress [22], heme ho-
meostasis may be also important in determining aBL efficacy. Therefore, 
we focused on genes involved in iron and heme metabolism [23–26]. 

3.4. Whole Transcriptional Profile 

3.4.1. KEGG Enrichment Results Circle Plot 
The KEGG enrichment circle plot was plotted in Sangerbox 3.0 

platform, as shown in Fig. 3B. “Metabolic pathways” had the highest 
score of “Set Size” and “core enrichment”. 

3.4.2. GO Pathway 
GO analysis of DEGs in P. gingivalis subjected to light treatments is 

shown in the results provided in Fig. 3 C. The main pathway of DEGs in 
the enrichment of the “cellular component, CC” showed a significant 
change (P. adjust < 0.05), especially in the cytoplasmic part. However, 
neither “biological process, BP” (B& E) nor “molecular function, MF” (C 
& F) of DEGs enriched were significantly differently expressed (P. adjust 
> 0.05) in Fig. S4. 

3.5. Differential Gene Screening 

To screen out changes in P. gingivalis genes caused by aBL, the study 
first used |fold change| ≥ 2 or ≤ 0.5 and P < 0.05 as the initial screening 
conditions. After excluding ribosomal genes, the 26 bases of interest 
were drawn as protein-protein interactions (PPI) in Fig. 4A using the 
String system (https://string-db.org/). 

This study analyzed the results of transcriptome sequencing, starting 
with genes related to P. gingivalis and porphyrin uptake, hydroxyl radical 
scavenging, and iron transport, and further screened for genes with 
obvious differential expression. Six representative genes (Fig. 4 B) were 
selected from RNA-seq data. The RT-qPCR test results are shown in Fig. 4 

Table 1 
Sample information and comparison.  

Name Porphyromonas gingivalis W83 mRNA 

Sample name BL1 BL2 BL3-r* C1-r C2 C3 

Sample comparison BL1/BL2/BL3-r vs C1-r/C2/C3  

* Grouping symbol “-r” representative sample has rebuilt in the database, only 
for assuring the accuracy of the samples, no other special meaning. 
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C. Compared with the unirradiated control group, the gene expression 
levels of RgpA (PG_2024, increased 7.41 times), RgpB (PG_0506, 
increased 8.60 times), Ftn (PG_1286, increased 3.10 times) and FetB 
(PG_0669, increased 2.39 times) were upregulated after treatment with 
aBL for 5 min. The expression of the HmuR (PG_1552, retained 0.22 
times) and FeoB-2 (PG_1294, retained 0.06 times) genes was decreased. 

4. Discussion 

4.1. The Killing Effect of Blue Light on a Porphyromonas gingivalis 
Suspension in an Aerobic Environment 

Some studies on the effects of aBL on P. gingivalis were conducted 
under anaerobic conditions previously. Chui et al. [27] reported that 
exposure to blue LED only delayed the growth of P. gingivalis under 
anaerobic conditions. RNA degradation and gene expression levels were 
further examined using the RNA integrity number (RIN) and RT-PCR. 
Interestingly, genes associated with chromosomal DNA replication and 
cell division were suppressed at the transcriptional level, which may be 
the mechanism underlying the bacteriostatic effect of blue light on 
P. gingivalis. In this study, we found that blue light effectively kills 
P. gingivalis, where > 3-log CFU reduction could be achieved after 3–5 
min of blue light irradiation. This difference may be attributed to the 
aerobic environment during the light-irradiation process in our experi-
mental setting. The typical oxygen level of periodontal tissue, where 
P. gingivalis resides, is between 3% and 9% [28]. Thereafter, P. gingivalis 
usually lives in a microaerobic environment rather than a completely 
anaerobic environment. In addition, in the clinical management of 
P. gingivalis-related infections, aBL should be applied post to scaling and 
root planning procedures, and oxygen can be introduced to the gingival 
and subgingival tissues during mechanical debridement. Because oxy-
gen may improve aBL effects, we performed light irradiation under 
normal atmospheric conditions [29]. 

4.2. Blue Light Can Kill P. gingivalis Immediately or Activate Gene 
Regulation to Cause Death 

P. gingivalis uses external heme as a source of iron for growth. Its 
melanin is mainly protoporphyrin IX (PpIX) [30], an endogenous 
porphyrin that acts as a photosensitizer with a strong absorption peak at 
405 nm. P. gingivalis was effectively killed by aBL at a low dose in the 
CFU assay (Fig. 1 A), surprisingly, this lethality did not appear to be 
caused by the immediate disruption of bacterial cell membranes, as 
shown by SYTO-9/PI staining (Fig. 1 C&D). SYTO-9 is a green interca-
lated membrane-permeable stain that can be used to stain any cell that 
contains nucleic acids, while PI is a red stain that is membrane imper-
meant and therefore labels only cells with compromised membranes. 
Because PI has a higher affinity for nucleic acids, when these two stains 
penetrate a single cell, SYTO-9 is replaced by PI, and the cell appears red 
[31]. After treatment with aBL for 5 min, only 44% of the bacterial cells 
stained red, but the CFU assay showed much more prominent killing, 
indicating that the bacteria may lose viability or reproductivity after the 
discontinuation of light irradiation. 

RNA sequencing has been used extensively in prokaryotes and eu-
karyotes. For instance, it has been used to study a two-species dynamic 

transcriptional model of P. gingivalis and S. gordonii. Differential genetic 
analysis suggested that P. gingivalis adapted to detoxify peroxides pro-
duced by Streptococcus [32] and switched between sessile and motile 
modes in response to environmental and host-related signals [33]. To 
investigate the metabolic cooperation between P. gingivalis and 
T. denticola, RNA-seq was employed to study the transcriptome of 
P. gingivalis exposed to cell-free T. denticola [34]. However, to the best of 
our knowledge, this study is the first to investigate transcriptional 
changes in P. gingivalis exposed to aBL using RNA-seq. Transcripts per 
million (TPM), reads per kilobase of transcript per million reads mapped 
(RPKM), and fragments per kilobase of transcript per million reads 
mapped (FPKM), which account for sequencing depth and feature 
length, are commonly used to quantify transcript expression levels based 
on RNA-seq data [35]. In this study, RPKM and FPKM were used for the 
bioinformatics analysis. Despite the theoretical and practical evidence 
that the units of mRNA abundance in terms of RPKM or FPKM change 
between samples [36], the most widely used computational tools by the 
scientific community continue to measure RNA-Seq abundance in terms 
of RPKM or FPKM [37–39]. We also compared the results of FPKM with 
those of TPM and found that they were similar (Fig. S3 B&C). Based on 
ROS, GO pathway, and KEGG pathway analyses, we identified 26 
differentially expressed genes. 

The regulation of these genes suggests that the bacteria are con-
fronted with severe stress upon aBL therapy. Some of the genes, such as 
SecDF, GroEL-ES, Ffh, PrtRII, HtrA, and SppA, are related to protein 
secretion, folding, translocation or membrane targeting, as well as 
degradation and refolding of misfolded proteins. LuxS is also involved in 
the activated methyl cycle that is necessary to recycle the metabolite 
methionine. These are probably responses of cellular repair in the face of 
oxidative stress. We also noticed that some of the genes are related to 
bacterial virulence, quorum sensing (QS) or biofilm formation, such as 
ClpB, SecA, ClpX, PrtC, PrtR, and LuxS. The regulation of these genes 
suggests that aBL may change the physiopathological processes of bac-
terial infections in host cells (Table S6). 

Of the 26 genes, most are related to cellular protection in response to 
environmental stress, such as DnaK, ClpB, HtpG, SecA, HtrA, PrtRII, LuxS, 
and PrtR. These results are consistent with those of previous studies 
[27]. Of the 26 genes (Table S6), six, RgpA, RgpB, FeoB-2, HmuR, Ftn, 
and FetB, were further detected, and RT–qPCR verified that their 
expression was significantly regulated (Fig. 4C). 

4.3. Regulation of Heme and the iron Uptake System Accelerates Death 

The heme pigment layer, mainly μ-oxobisheme [Fe(III)PPIX]2O, can 
accumulate on the surface of P. gingivalis [40]. Arginine-specific gingi-
pain (Rgp) and lysine-specific gingipain (Kgp) are crucial for forming 
this pigment layer [41,42]. The heme-binding domain (HA2) of Kgp and 
RgpA is capable of binding heme and hemoglobin on the cell surface, 
and can be used as a catalytic surface for the formation of [Fe(III) PpIX] 
2O and its dimer [43–46]. P. gingivalis requires a combination of either 
or both RgpA and RgpB, in addition to Kgp activity, to produce the -oxo 
dimer from oxyHb in vitro or during growth on blood-containing media 
[47]. First, Rgp converts oxyhemoglobin into methemoglobin, which is 
then more susceptible to degradation by Kgp protease. Kgp-dependent 
hemin released from hemoglobin is then bound by the hemin/ 

Table 2 
Information of genes selected for RT-qPCR.  

Gene Number Gene Name Primers 

PG_2024 RgpA (hagE) CGGACAAGGACCGACGAA TCTGGCCGACTGCACTACC 
PG_0506 RgpB (prtRII) TCACTTCGGCACCACTCA TTCCACCATAGCAAACATACC 
PG_1294 FeoB-2 AATCCCAACTGCGGTAAG GCTGGAGGGTCAGGTAAA 
PG_1552 HmuR GCACTGGACGGATAAGAT AGACCCACATTGAGAAGG 
PG_1286 Ftn (ferritin) CGGCGAGGTGAAGATAGA GAAGCAGCCCTTACGACA 
PG_0669 FetB TGGCTCGTCTGGGTTATA ACACTCATCAGCGGCATC  
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Fig. 1. The effect of aBL on P. gingivalis. A: CFU assay illustrating the surviving fraction of P. gingivalis after treatment with increasing radiant exposure to aBL at 
100 mW/cm2 for 0–5 min. B: Temperature of bacterial suspensions after aBL irradiation. C: Bacterial viability determined using SYTO-9/PI staining and confocal 
laser scanning microscopy (CLSM). Proportions of bacterial cells that stained green (live) and red (dead) after aBL irradiation for 0–15 min at 100 mW/cm2. D: 
Representative CLSM images illustrating the bacterial viability after aBL treatment at different time points. E&F: Representative SEM images of P. gingivalis on glass 
sheets with (F) or without (E) aBL treatment for 15 min. 
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hemoglobin receptor and plays a role in the formation of μ-oxobishaem. 
[48–50](Fig. 5 a). Subsequently, heme uptake system protein A (HusA), 
expressed as an outer membrane protein or released as a soluble protein, 
can bind heme in monomers and facilitate its transfer to TonB- 
dependent outer-membrane receptor (HusB), allowing the internaliza-
tion of μ-oxobisheme [40,51]. 

To cope with the ROS generated by aBL treatment, P. gingivalis may 
upregulate antioxidative enzymes, such as heme-dependent catalases, to 
remove ROS. As expected, during light exposure, the expression of RgpA 
and RgpB was upregulated, suggesting an enhanced uptake of heme. 
However, the heme-derived endogenous photosensitizer PpIX can be 

also increased, thus triggering the amplification of bacterial cell death 
[40]. 

FetB can act as a chelatase, separating iron from heme once heme is 
taken up by P. gingivalis [52]. In Escherichia coli, FetB was also reported 
to be involved in iron export [53]. Ftn is a well-characterized iron 
storage protein. It has been linked to iron transport routes and may be 
more prevalent in pathological conditions, where iron-rich intracellular 
ferritin is liberated from damaged tissues [54]. The expression of FetB 
[53] and Ftn [55] was upregulated after stimulation with aBL, probably 
because of an increased intracellular heme level. Iron was extracted 
from the extra heme by FetB, subsequently exported by FetB and stored 

Fig. 2. Blue light selectively kills P.gingivalis while sparing HGF cells. Cell viability was assessed by SYTO-9/PI staining and fluorescence microscopy. HGF cells, 
with or without P. gingivalis co-incubation, were treated with 100 mW/cm2 aBL for 0 or 10 min and then stained with SYTO-9/PI. The white arrows show HGF cells 
without P. gingivalis coincubation. The green arrow shows P. gingivalis coincubated with HGF cells and untreated with aBL. The red arrow shows P. gingivalis 
coincubated with HGF cells and subsequently exposed to aBL. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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by Ftn. The metabolic conversion of ambient oxygen to ROS within 
bacterial cells can occur when P. gingivalis is exposed to the air. During 
the immunological and inflammatory response, neutrophils and mac-
rophages also create ROS, including H2O2, by a mechanism known as the 
“oxidative burst” [56]. Existing research suggests that upon exposure to 
aBL or ambient oxygen, P. gingivalis may accumulate ROS such as H2O2. 
Intracellular free iron converts H2O2 into ⋅OH, which is highly cytotoxic 
[57]. As shown in Fig. 4A, a significant time-dependent increase in 
intracellular ⋅OH was observed after light exposure. The upregulation of 
FetB and Ftn is thought to be a protective response of bacteria to reduce 
free ferrous ions and thus suppress oxidative stress. 

4.4. Downregulated Gene Expression of Manganese and Zinc Transporters 
under Oxidative Stress Accelerates Death 

Manganese and zinc play significant roles in protecting bacterial 
pathogens against oxidative stress. First, Mn functions as a cofactor of 

enzymes in oxidative stress protection, such as superoxide dismutase 
(SOD). Second, manganese and zinc can replace iron and copper and are, 
therefore, more stable and less sensitive to oxidative stress than the 
latter. FeoB-2 is involved in the transportation of manganese, rather 
than iron under oxidative stress [58,59]. The TonB-dependent hemo-
globin-hemin receptor (HmuR) has been reported to be a dual trans-
porter of heme and zinc ions in Burkholderia thailandensis, another gram- 
negative bacterial species. Under normal conditions, it can generally 
transport heme [60], whereas under oxidative stress, intramolecular 
disulfide bonds are formed, and zinc ions can be transferred to the 
cytoplasm [61]. The gene expression levels of HmuR and FeoB-2 in 
P. gingivalis were significantly reduced following stimulation with aBL, 
which further reduced the transmembrane transport of zinc and man-
ganese. Such a reduction would block the ROS (particularly ⋅OH) 
elimination pathway, ultimately deteriorating oxidative stress and 
leading to the death of P. gingivalis. 

Fig. 3. GO and KEGG pathways. A: The signals of the ⋅OH probe were enhanced with increased aBL exposure. The signals of the 1O2 and H2O2 probes were not 
obviously increased, and the O2

⋅- signal subsequently declined. B: Enrichment circles of the KEGG pathway. The expression of genes related to metabolic pathways was 
significantly modified. C: The enriched GO terms for regulated genes in “cellular components”. The color represents the significance of the enriched GO terms. D: The 
enriched GO terms for regulated genes in the “cytoplasmic part”. 
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Fig. 4. Differential gene screening.A: Protein-protein interaction (PPI) network of differentially expressed functional genes. Nodes (symbolized as circles) and 
edges (linking lines) represent DEGs and interactions among DEGs, respectively. Blue circle: gene related to ROS. Red circle: gene related to GO pathway. Green 
circle: gene related to KEGG pathway. B: RNA-seq of target genes from fine screening. C: RT–qPCR validation results. 
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5. Study Limitations 

The present study attributed P. gingivalis cell death to ROS generated 
upon blue light irradiation. Gene regulations may further increase 
accumulation and reduce scavenging of intracellular ROS, thus poten-
tiate the aBL toxicity. However, it is unclear whether other factors 
contribute to cell death. More efforts should be made to elucidate factors 
underlying the mechanism of aBL therapy. In this study, We observed 
transcriptional changes in heme metabolism, but further evidence is 
needed to confirm the alterations of iron and heme uptake upon aBL 
therapy in P. gingivalis, as transcriptional changes do not always align 
with functional changes. Future research will focus on the changes in the 
molecular composition of intracellular components. Although different 
sets of genes could be regulated in response to blue light, only six 
selected genes were validated with qRT-PCR. There are still a great 
number of other genes that can be good candidates for further mining 
and investigation. 

6. Conclusion 

The aBL of appropriate parameters can effectively kill planktonic 
P. gingivalis while appearing to be safe for host cells. It may deactivate 

P. gingivalis by inducing ROS production from endogenous photosensi-
tizers. Although multiple ROS may account for the aBL effect, hydroxyl 
radicals may play an important role in killing P. gingivalis. aBL triggers 
P. gingivalis to import excess heme as a coenzyme into antioxidant en-
zymes. However, aBL can activate heme-derived PpIX to form ROS, thus 
killing P. gingivalis in a “chain reaction.” Therefore, aBL may be an 
effective treatment for P. gingivalis infection-related dental diseases. 
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Fig. 5. Hypothetical mechanism of P. gingivalis destruction under aBL stimulus based on the mRNA regulation level.(a) The upregulated expression of the 
RgpA and RgpB genes likely permits the conversion of more oxyhemoglobin to methemoglobin. The degradation of Kgp and transportation of HusA and HusB 
facilitate the accumulation of intracellular heme, PpIX, and iron. This process potentiates PpIX-induced photosensitization, improves the generation of hydroxyl 
radicals under aBL irradiation and accelerates the death of P. gingivalis. (b, c) The upregulated expression of the FetB and Ftn genes after aBL irradiation suggests the 
presence of excess intracellular iron, requiring the feedback upregulation of FetB for iron efflux and ferritin for free iron storage. Decreased expression of genes 
encoding HmuR and FeoB-2 by FetB (d, e) may reduce the transmembrane import of zinc and manganese, respectively, thereby blocking the ROS (particularly •OH) 
elimination pathway and ultimately leading to the death of P. gingivalis. (*) H2O2 may be produced by P. gingivalis in response to ambient oxygen or the cell 
microenvironment.(?): The mechanism remains unknown [40]. 
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