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HIGHLIGHTS 

1. We design in vitro ALA-PDT to treat Pseudomonas aeruginosa biofilm. 

2 This study comprehensively investigates the role of ALA-PDT on Pseudomonas aeruginosa 

biofilm.  

3 This study initially investigates the effect of ALA-PDT on the biofilm virulence factor and QS 

system, and its mechanism of ALA-PDT on biofilm  

 

 

Abstract: Aim: To investigate the effects of ALA-PDT on biofilm structure, virulence factor 

secretion, and quorum sensing (QS) in Pseudomonas aeruginosa. Materials and methods: We 

used confocal laser scanning microscopy (CLSM) , an XTT assay, scanning electron microscopy 

(SEM), a virulence factor assay and qRT-PCR in this study. Results: The XTT assay showed that 

ALA-PDT significantly inhibited the growth of planktonic P. aeruginosa. CLSM and SEM 

showed that ALA-PDT destroyed both bacterial and biofilm structures. The virulence factor 

assay showed that pyocyanin and elastase secretion were significantly inhibited in the ALA-PDT 

groups. qRT-PCR assays demonstrated that ALA-PDT significantly reduced the mRNA 

expression of QS-related genes. Conclusion: ALA-PDT kills planktonic and viable biofilm-

associated P. aeruginosa cells, destroys biofilm structures, reduces virulence factor secretion and 

affects QS system gene expression. 

Key words: PDT, Pseudomonas aeruginosa, biofilm, virulence factor, QS system 
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Pseudomonas aeruginosa is an important opportunistic pathogen in clinical practice. Currently, 

there is an increasing incidence of P. aeruginosa infections resulting from skin wounds, airway 

intubations, and medical devices placed inside the body, such as artificial valves. Such infections 

are difficult to treat because P. aeruginosa is both highly resistant and naturally unsusceptible to 

many antibiotics, and the widespread use of antibiotics has created new resistant and even 

multidrug-resistant strains1. Moreover, P. aeruginosa tends to form biofilms on infected surfaces. 

Biofilms are groups of cells grow together in clusters, and extracellular polymeric substances 

(EPSs) and necrotic tissue form a complex biofilm that strengthens bacterial resistance to 

immune clearance and antibiotics, making it difficult treat and eradicate infections2. The quorum 

sensing (QS) system is an interbacterial signaling system that regulates the expression of many 

virulence factors and is involved in biofilm formation3. Therefore, there is an urgent need to 

identify novel treatments to locally kill P. aeruginosa and clear the biofilms this bacterium forms. 

Photodynamic antimicrobial chemotherapy (PACT) produces photochemical reactions using 

light and photosensitizers to produce singlet oxygen, which is toxic to and inactivates target 

microorganisms. In addition, studies have shown that photodynamic therapy (PDT) can kill P. 

aeruginosa. Previously, we investigated the antibacterial and pro-healing effects of 5-

aminolevulinic acid photodynamic therapy (ALA-PDT, 20% ALA, 630 nm red light) versus pure 

red light in 26 patients with P. aeruginosa-related lower limb skin infections and ulcers4. ALA-

PDT showed a significant antibacterial effect on P. aeruginosa (median bacteria counts: control 

group, 2.9 × 106 CFU/cm2 before treatment and 7.2 × 104CFU/cm2 after treatment; experimental 

group, 5.8 × 106 CFU/cm2 before treatment and 0 CFU/cm2 after treatment; p < 0.01) and a 

significant pro-healing effect on P. aeruginosa-related lower limb skin infections and ulcers 

(experimental group, 12.72 ± 8.58 cm2 before treatment and 3.4 ± 3.4 cm2 after treatment; 
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control group, 11.85 ± 6.83 cm2 before treatment and 7.8 ± 4.9 cm2 after treatment; p < 0.01). 

Hamblin et al. treated P. aeruginosa-related wounds in mice with p oly-lysine chlorin(e6) (PL-

Ce6) chelate-PACT and observed that wounds healed much faster in the treatment group than 

those in a control group treated with silver nitrate5. Morley et al.6 conducted a randomized, 

placebo-controlled phase II clinical trial involving 16 patients with chronic lower leg ulcers and 

16 patients with diabetic foot ulcers; the photosensitizer used was PPA904 [3,7-bis (N,N-

dibutylamino) phenothiazin-5-ium bromide] and a placebo (50 J/cm2 red light), and the 

pathogenic bacteria used were hemolyticstreptococci, anaerobes, coliforms, Staphylococcus 

aureus, and P. aeruginosa. PDT showed an immediate and strong bactericidal effect after 

treatment (median bacteria count: 7.05 log10 before treatment and 5.83 log10 after treatment), 

whereas the placebo showed no antibacterial effect (6.49 log10 before treatment and 6.16 log10 

after treatment) (p < 0.01). These results demonstrate that PDT has significant antibacterial 

effects on P. aeruginosa. 

Given the results of pilot studies indicating that PDT is effective against P. aeruginosa 

infections, we used a 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-

tetrazolium hydroxide (XTT) assay, confocal laser scanning microscopy (CLSM), scanning 

electron microscopy (SEM), biochemical assays, and quantitative PCR (qPCR) to investigate the 

effects of PDT on the structure and function of P. aeruginosa biofilms, QS systems, and 

virulence factor gene expression. We sought to elucidate the mechanisms whereby ALA-PDT 

clears P. aeruginosa biofilms to provide further experimental evidence for the clinical 

applications of PACT. 

MATERIALS AND METHODS 

Bacterial and biofilm cultures. The P. aeruginosa wild-type PAO1 strain was kindly provided 
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by Professor Jialin Yu (Department of Neonatology, Children’s Hospital, Chongqing Medical 

University, Chongqing, China). The bacterial strain was stored at -80°C, and the cultures were 

maintained on Luria-Bertani (LB) plates or in LB broth at 37°C with agitation (200 rpm). A 

static biofilm culturing method was used, as previously described. Briefly, bacterial suspensions 

were diluted to an optical density at 600 nm (OD600) of 0.05 (approximately 2.5 × 107 CFU/mL 

bacteria) in fresh LB. Two-milliliter aliquots of the diluted bacterial suspensions were inoculated 

in 24-well flat-bottomed sterile polystyrene plates containing glass coverslips (Corning Costar, 

Corning, New York, USA). Biofilms formed after incubation for 48 h at 37°C without agitation. 

The cover slips were washed three times with PBS prior to treatment or screening. 

ALA-PDT treatment. 5-Aminolevulinic acid (ALA) (Fudan Zhangjiang Company, Shanghai, 

China) was used as the photosensitizer and the incubation with time ALA lasted 30 min. A stock 

solution was prepared by dissolving the powder in PBS to a final concentration of 100 mM. The 

light source used to activate ALA was a 630 nm LED (Omnibus, UK), and the output power 

density was 108 J/cm2 (the laser power used was 90MW/cm2, and the treatment time was 20 

min). There were six experimental groups: Control group (without ALA and no light irradiation), 

Light group (light dose of 108 J/cm2 without ALA), ALA1 group (10 mM ALA with no light 

irradiation), ALA2 group (20 mM ALA with no light irradiation), ALA-PDT 1 group (10 mM 

ALA with a 108 J/cm2 light dose), and ALA-PDT 2 group (20 mM ALA with a 108 J/cm2 light 

dose). 

PpIX localization. To confirm the absorption of ALA and protoporphyrin IX (PpIX) 7 formation 

by the P. aeruginosa wild-type PAO1 strain, fluorescence imaging of cellular PpIX was 

performed via CLSM using a Nikon A1R laser confocal microscope (Nikon, Tokyo, Japan) after 
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1 h of ALA incubation. The excitation and emission wavelengths were 400 and 622 nm, 

respectively. 

XTT bacterial viability assay. An XTT bacterial proliferation and cytotoxicity kit(Keygen 

Biotech, Nanjing, China) was used to determine bacterial viability. Coverslips with biofilms 

were placed in 10 mL tubes with 2 mL LB medium, and the tubes were shaken quickly for 5 min. 

A total of 100 μL supernatant was inoculated into a clean 96-well plate, and 20 μL XTT was 

added to each well. The plate was incubated at 37°C for 3 h, and the absorbance was measured at 

450 nm. 

Confocal laser scanning microscopy. To determine the viability of the bacteria in the biofilms, 

the biofilms were stained with SYTO 9 and propidium iodide (PI) according to the instructions 

for the LIVE/DEAD BacLight Kit (L13152, Invitrogen Molecular Probes, USA). After staining 

for 15 min in the dark, the biofilms were washed with sterile PBS to remove planktonic bacteria 

and excess dye. Next, the biofilms were examined using a Nikon A1R laser confocal microscope. 

The excitation and emission wavelengths used to detect SYTO 9 were 488 and 525 nm, 

respectively, and the excitation and emission wavelengths used to detect PI were 520 and 620 nm, 

respectively. Live bacteria stained green, and dead bacteria stained red. 

Scanning electron microscopy. SEM was used to determine the effect of ALA-PDT on biofilm 

morphology. Biofilms were dehydrated using graded concentrations of ethanol (30, 50, 70, 90, 

and 100%). Each sample was gold-coated using a gold sputter deposition method and viewed 

using an S-3000N Hitachi SEM (Hitachi High-Technologies, Japan). 

Virulence factor assays. The pyocyanin assay was performed according to a previously 

described method. Briefly, each biofilm was cultured in 5 mL pyocyanin production broth (PPB; 

2% proteose peptone [Oxoid, UK], 1% K2SO4, and 0.3% MgCl2 · 6H2O) after 20 h of ALA-PDT 
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treatment and then extracted with 3 mL chloroform. The blue layer was re-extracted with 0.2 M 

HCl, which changed the solution to a pink or red color. The absorbance was measured at 520 nm. 

The elastase activity was measured using the elastin Congo red (ECR) assay. Briefly, each 

biofilm was cultured in 5 mL peptonetryptic soy broth (PTSB; 5% peptone and 0.1% tryptic soy 

broth) after 20 h of ALA-PDT treatment. Next, 100 μL of filtered supernatant was added to a 5 

mL tube containing 10 mg ECR (Sigma, USA), 900 μL 10 mM Tris HCl (pH 7.5), and 1 mM 

CaCl2. The tubes were incubated for 4 h at 37°C with shaking (250 rpm), followed by 

centrifugation to remove any unreacted substrate, after which the absorbance was measured at 

495 nm. 

RNA extraction and quantitative real-time PCR (qRT-PCR). PAO1 was cultured overnight 

at an initial OD600 of 0.05 were washed and then inoculated into fresh LB medium at 37°C with 

agitation for 24 h. Total RNA was extracted and purified using a TaKaRa MiniBEST Universal 

RNA Extraction Kit (TaKaRa, Japan), according to the manufacturer’s instructions. The 

concentration and purity of the extracted total RNA was determined by ultraviolet absorption 

(260/280 nm) using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE, USA). First-strand cDNA was generated from the purified mRNA samples 

using a PrimeScript RT reagent kit with gDNA Eraser (TaKaRa). Real-time PCR was performed 

using a SsoFast Evagreen Supermix Kit (Bio-Rad, CA, USA) with a Bio-Rad Real-Time PCR 

instrument. The reaction procedure was performed as follows: one cycle at 95°C for 30 s, 40 

cycles at 95°C for 5 s and one cycle at 60°C for 5 s, with a final melting curve analysis from 

65°C to 95°C with increments of 0.5°C every 5 s. The real-time PCR amplifications were 

conducted in triplicate. 
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The primer sequences used for the P. aeruginosa QS and virulence factor genes were described 

previously (Table 1). The ribosomal gene rpsL was chosen as the housekeeping control gene 

with which to normalize the qRT-PCR data and calculate the relative fold changes in gene 

expression. The amplification profiles were analyzed using the Bio-RadManager software, and 

the cycle threshold (Ct) values for each target gene were normalized to the geometric mean of 

the Ct of rpsL amplified from the corresponding sample. The fold changes of the target genes for 

each group relative to the control group were calculated using the ΔΔCt method. 

Statistical analysis. The data from this study are expressed as the means ± standard deviations. 

Independent unpaired data were analyzed using Student’s t-test. One-way analysis of variance 

was used for multi-group comparisons. Statistical analyses were performed using SPSS version 

17.0 (SPSS, Inc., Chicago, IL, USA). Two-tailed p values of less than 0.05 were considered 

significant. All experiments were performed three times independently. 

 

RESULTS 

Effect of ALA-PDT on P. aeruginosa growth. P. aeruginosa was cultured in vitro, incubated 

with 10 mM ALA for 2 h, and observed using CLSM. CLSM revealed brick-red fluorescence in 

the bacteria (excitation wavelength 400 nm; emission wavelength 622 nm), indicating that P. 

aeruginosa had converted ALA into PpIX, leading to photosensitizer enrichment and 

photodynamic reactions (Figure 1). 

    The XTT assay was performed to investigate the effects of ALA-PDT on the growth of 

planktonic P. aeruginosa in biofilms. No significant differences in bacterial growth were 

observed in the Control, Light, ALA1, or ALA2 groups. In the ALA-PDT1 group (10 mM ALA, 

red light energy density 108 J/cm2), the OD was 0.307 and the inhibition rate was 42.8% (OD 
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value of the control group: 0.537). In the ALA-PDT2 group (20 mM ALA, red light energy 

density 108 J/cm2), the OD was 0.208 and the inhibition rate was 61.3%. Both ALA-PDT 

treatment groups showed significant antibacterial effects relative to the control group (p < 0.01), 

indicating that ALA-PDT inhibited P. aeruginosa growth in a dose-dependent manner (Figure 2). 

CLSM observation of the effects of ALA-PDT on biofilms. CLSM revealed that biofilms were 

dense in the negative control group. Green fluorescence indicated the presence of viable cells 

and red fluorescence indicated the presence of dead cells. No significant differences were 

observed in the number of viable and dead cells within the bacterial biofilm between the Light, 

ALA1, ALA2, and control groups, whereas in the treatment groups (ALA-PDT1 and ALA-

PDT2), ALA-PDT reduced the number of viable cells and increased the number of dead cells in 

the biofilm in a dose-dependent manner (Figure 3). 

SEM observation of the effects of ALA-PDT on biofilm structure. SEM was performed to 

investigate the effects of ALA-PDT on biofilm morphology and structure. In the negative control 

group, a large number of short rod-shaped bacteria aggregated into a dense structure with an 

adhesive extracellular matrix-like structure between the bacteria. No significant effects on 

biofilm structure were observed in the Light, ALA1, or ALA2 groups, whereas the various doses 

of ALA-PDT affected the structure of the biofilm. In the ALA-PDT1 group, the biofilm was 

visibly sparser, and the morphology of most bacteria was compromised, often exhibiting cracks 

or breaks. In the ALA-PDT2 group, the biofilm structure was largely disappeared, and the 

bacteria were sparse and isolated, exhibiting cracks, breaks, and different sizes (Figure 4). 

Effects on virulence factor secretion. The secretion of virulence factors is a primary  cause of 

the harmful effects of P. aeruginosa and is primarily regulated by its QS system. In this study, 

we investigated the effects of ALA-PDT on virulence factor secretion (pyocyanin and elastase) 
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by P. aeruginosa. ALA-PDT significantly inhibited the secretion of both virulence factors, 

whereas ALA or red light alone had no significant effect. In the ALA-PDT1 group, the inhibition 

rates were 13.3% for pyocyanin and 31.1% for elastase, which represented a significant 

difference relative to the control group (p < 0.01). In the ALA-PDT2 group, the inhibition rates 

were 49.4% for pyocyanin and 45.7% for elastase, which represented significant differences 

relative to the group and ALA-PDT1 groups (p < 0.01) (Figure 5). 

qRT-PCR analysis of QS-related gene expression. The QS system is the most important 

regulatory system for biofilm formation and virulence factor production in P. aeruginosa. In this 

study, we performed qRT-PCR to monitor QS-related gene expression. ALA-PDT significantly 

reduced the mRNA expression of QS-related genes (lasI, lasR, rhlI, and rhlR) and virulence 

factor-related genes (lasB [elastase] and phzH [pyocyanin]) in the P. aeruginosa biofilm (p < 

0.01), whereas ALA or red light alone had no significant effect (p > 0.01) (Figure 6). 

 DISCUSSION 

P. aeruginosa is a gram-negative bacterium that is a common pathogen in serious skin wound, 

urinary system, and respiratory system infections. As P. aeruginosa infections are difficult to 

treat, this bacterium has become a common opportunistic pathogen in serious hospital-acquired 

infections. P. aeruginosa secretes many harmful virulence factors, including pyocyanin, exotoxin 

A, elastase, rhamnolipid, and alkaline protease. P. aeruginosa resistance has become a serious 

issue, as this bacterium has complex resistance mechanisms and a high prevalence of resistance. 

Moreover, P. aeruginosa tends to adhere to the surfaces of wounds, catheters, and implants, 

where it forms biofilms to escape immune defenses and leads to worsening infections that can be 

life threatening8. QS is a cell-to-cell signaling system used by bacteria to regulate gene 

transcription in response to changes in population size that is mediated by diffusible signal 
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molecules called autoinducers. QS allows bacteria to sense the density of other bacteria present 

within a limited microenvironment and to respond by activating certain genes that in turn 

produce virulence factors, such as enzymes or toxins. P. aeruginosa employs three 

interconnected QS systems (the las, rhl, and pqs systems) to control the expression of important 

virulence factors and the formation of biofilms. Therefore, the QS system is a suitable target for 

antimicrobial therapy3. 

Several treatments are available for P. aeruginosa and its biofilms. However, no single 

treatment is simultaneously ideal, safe, and effective. For instance, physical clearance may have 

adverse effects on the surrounding healthy tissue or release bacteria into the bloodstream, 

causing the infection to spread. Chemical clearance and antibiotics can cause toxicity, side 

effects, secondary infections, or even resistance. Additionally, most biologicals and QS 

inhibitors remain under investigation with unproven clinical efficacy and safety. Accordingly, 

refractory infections related to P. aeruginosa and its biofilms remain a serious problem in 

clinical practice. Therefore, there is an urgent need for novel treatments that are safer and more 

effective than current practices9. 

PDT is a new technique that can both diagnose and treat diseases through the photodynamic 

effects produced by light and photosensitizers. Currently, PACT is considered one of the most 

promising new treatments for the elimination of microorganisms. Although the mechanism is not 

entirely clear, the underlying rationale of PACT10,11 is that photodynamic reactions produced by 

light and photosensitizers excite the photosensitizer from its base state to the high-energy triplet 

state, which then directly interacts with the biomolecules of the target microorganism to produce 

free radicals and/or free electrons (type I photodynamic reaction) or with triplet oxygen 

molecules (3O) to produce singlet oxygen (1O), which has toxic effects and inactivates the target 
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microorganism (type II photodynamic reaction). Because PDT exerts its antibacterial effects 

through pathways distinct from conventional antibiotics, it has many significant advantages, 

including a broad antibiotic spectrum, effectiveness against resistant strains, good selectivity, 

minimal damage and low toxicity to healthy tissues, no induction of new resistance, and 

suitability for repeated administration12. 

Currently, PDT is approved and widely used to treat certain infectious skin diseases (i.e., 

acne and warts) with satisfactory results13. Moreover, some studies have shown that PDT is also 

effective for treating bacterial and biofilm infections14,15,16. Donnelly et al.17 investigated the 

killing effects of PDT on planktonic methicillin-resistant Staphylococcus aureus (MRSA) and its 

biofilms. The results showed that methylene blue (MB) had a significantly stronger killing effect 

on planktonic bacteria (99.99%) than on bacterial biofilms (88.19%) under the same conditions 

(10 μg/mL MB, 635 nm, 100 J/cm2), whereas no significant differences were observed in the 

killing effect of meso-tetra (N-methyl-4-pyridyl) porphine tetra tosylate (TMP) between the two 

MRSA growth states (both > 99.7%). Li et al.18 used 5-ALA-mediated PDT to kill MRSA 

biofilms and methicillin-resistant Staphylococcus epidermidis (MRSE) and showed that PDT 

was effective against the biofilms of both resistant strains.  

Previous studies have also investigated P. aeruginosa infections. For instance, Lee et al. 19 

investigated the in vitro effects of ALA-PDT on P. aeruginosa and its biofilms and showed that 

ALA-PDT effectively inactivated P. aeruginosa and destroyed its biofilms in a dose-dependent 

manner.; However, the authors did not investigate the effects of ALA-PDT on the structure and 

function of the biofilm, and further research will be needed to investigate the specific 

mechanisms of action of this treatment. Donnelly et al.20 used an in vitro model of lung 

fibrocystic disease-related P. aeruginosa infection and performed PACT with 630 nm (red light) 
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and two photosensitizers (toluidine blue O (TBO) and TMP). Their results showed that PACT 

was effective against planktonic P. aeruginosa and its biofilms. However, a higher concentration 

of photosensitizer was required to kill P. aeruginosa in the biofilm, and the required dose was 

higher still if the photosensitizers were placed in an artificial mucus. To date, the effect of ALA-

PDT on biofilm morphology, the secretion of pyocyanin and elastase, and the expression of QS-

related genes in P. aeruginosa biofilms have not been reported. 

On the basis of clinical findings that PDT can kill P. aeruginosa on the surface of chronic 

skin ulcers and promote their healing, this study further elucidated the mechanisms of ALA-PDT 

clearing of P. aeruginosa biofilms. The results showed that ALA-PDT significantly inhibited the 

growth of planktonic P. aeruginosa in a dose-dependent manner. A CLSM assay showed that 

ALA-PDT reduced the number of viable cells, and SEM revealed that ALA-PDT destroyed both 

bacterial and biofilm structures. ALA-PDT further inhibited pyocyanin and elastase secretion 

and significantly reduced the mRNA expression of QS-related genes (lasI, lasR, rhlI, and rhlR) 

and virulence factor-related genes (lasB and phzH) in the P. aeruginosa biofilm.The singlet 

oxygen (1O) produced by ALA-PDT has toxic effects and destroys the cell membrane, organelles, 

and nucleus of the target microorganism. Singlet oxygen can destroy the proteins and genes of 

the QS system directly, and the reduction in QS will further decrease the recurrence rate of 

biofilms. Our results showed that the destruction effect of ALA-PDT on biofilms was more 

notable in the CLSM and SEM experiments, as 1O not only can directly act on P. aeruginosa in 

biofilms, but can influence and destroy biofilms through affecting the expression of QS-related 

genes. These results further demonstrate that 1O has toxic effects and destroys the cell membrane, 

organelles, and nucleus of target microorganisms. In the CLSM and SEM experiments, the 

biofilm of the ALA-PDT2 group was almost completely destroyed, and the QS-related gene 
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expression levels in the ALA-PDT2 group was very low. Thus, the 20 mM ALA plus 108 J/cm2 

light source treatment was adequate to destroy the P. aeruginosa biofilms. The effect of ALA-

PDT on P. aeruginosa biofilms was studied with respect to bacterial morphology and virulence 

factor expression systems, and these results indicated that ALA-PDT is effective in vitro against 

P. aeruginosa and provide further experimental evidence for the use of PDT for the clinical 

treatment of P. aeruginosa infections. PDT has been used to treat multiple diseases because of its 

advantages, and our study further promotes research of PDT and lays the foundation for the 

widespread use of PDT. In addition, PACT is currently one of the most promising treatments for 

resistant and refractory bacterial infections, and our study provides new ideas and methods to 

treat refractory and drug-resistant strains in clinical practice and shows that this technique 

warrants more in-depth research. 
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Figure legends: 

 

Figure 1. CLSM of PpIX fluorescence in P. aeruginosa. (A) Red PpIX fluorescence was 

observed after 2 h of incubation with 10 mM ALA. (B) No fluorescence was observed in the 

control group (×400).  

 

Figure 2. XTT bacterial survival test. The viable P. aeruginosa cells were detected using an 

XTT bacterial survival test. ▲, p < 0.001, compared with the Light group. ■, p < 0.001, 

compared with the ALA1 group. ▼, p < 0.001, compared with the ALA2 group. ※, p < 0.001, 

compared with the ALA-PDT1 group.  
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Figure. 3. CLSM of P. aeruginosa biofilms treated with different ALA-PDT doses. (A) 

Control group, (B) ALA1 group, (C) ALA2 group, (D) Light group, (E) ALA-PDT 1 group, and 

(F) ALA-PDT 2 group (×400). Cells stained red were considered dead, and cells stained green 

were considered viable. 

 

Figure. 4. SEM of P. aeruginosa biofilms treated with different ALA-PDT doses. (A) 

Control group, (B) ALA1 group, (C) ALA2 group, (D) Light group, (E) ALA-PDT 1 group, and 

(F) ALA-PDT 2 group (×4000). In the ALA-PDT1 group, the biofilm structure was visibly 

sparse, and the structures of most bacteria were compromised, with some observable cracks or 

breaks. In the ALA-PDT2 group, the biofilm structure largely disappeared, and the bacteria were 

sparse and isolated, with cracks, breaks, and different sizes. 
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Figure. 5. Effects of ALA-PDT on the production of P. aeruginosa virulence factors. (A) 

Pyocyanin and (B) elastase activity were detected using a virulence factor assay.▲, p < 0.01, 

compared with the Light group. ■, p < 0.01, compared with the ALA1 group. ▼, p < 0.01, 

compared with the ALA2 group. ※, p < 0.01, compared with the ALA-PDT1 group.  
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Figure. 6. QS and virulence gene regulation by ALA-PDT in P. aeruginosa biofilms.  
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(A-F) The mRNA expression levels of virulence factor-related genes(lasB [elastase] and phzH 

[pyocyanin]) and QS-related genes (rhlR, rhlI, LasR, and lasI) in P. aeruginosa biofilms were 

detected using qPCR analysis. ▲, p < 0.01, compared with the Light group. ■, p < 0.01, 

compared with the ALA1 group. ▼, p < 0.01, compared with the ALA2 group. ※, p < 0.01, 

compared with the ALA-PDT1 group 
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Table 1.PCR primers for real-time RT-PCR 

Gene Primer  

direction 

Sequence (5’ to 3’) Amplicon 

Size (bp) 

lasI Forward GGCTGGGACGTTAGTGTCAT 104 

Reverse AAAACCTGGGCTTCAGGAGT  

lasR Forward ACGCTCAAGTGGAAAATTGG 111 

 Reverse TCGTAGTCCTGGCTGTCCTT  

rhlI Forward AAGGACGTCTTCGCCTACCT 130 

 Reverse GCAGGCTGGACCAGAATATC  

rhlR Forward CATCCGATGCTGATGTCCAACC 101 

 Reverse ATGATGGCGATTTCCCCGGAAC  

lasB Forward AGACCGAGAATGACAAAGTGGAA 81 

 Reverse GGTAGGAGACGTTGTAGACCAGTTG  

phzH Forward TGCGCGAGT TCAGCCACCTG 214 

 Reverse TCCGGGACATAGTCGGCGCA  

rpsL Forward GCAACTATCAACCAGCTGGTG 231 

 Reverse GCTGTGCTCTTGCAGGTTGTG  
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