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A B S T R A C T

Background: Antibiotic resistance has emerged as one of the most important determinants in diabetic foot in-
fections outcomes. Antimicrobial Photodynamic therapy(A-PDT) or Photodynamic antimicrobial chemotherapy
(PACT) has been proposed as an alternative approach for inactivating bacteria, especially resistant bacterial
biofilms. This research investigated the synergistic effects of PACT mediated by the photosensitizer indocyanine
green (ICG) and ethylenediamine tetraacetate (EDTA) combined with antibiotics against common pathogens of
diabetic foot ulcer infection, including Staphylococcus aureus and Pseudomonas aeruginosa, in vitro.
Methods: Planktonic bacteria and biofilms of S. aureus and P. aeruginosa were incubated with ICG and EDTA, and
then exposed to laser treatment. Quantitative viable counting estimates the phototoxic effects on S. aureus and P.
aeruginosa. The susceptibility of methicillin-resistant S. aureus (MRSA) and multidrug-resistant P. aeruginosa
(MRPA) to PACT treatment was detected by disk diffusion and micro-broth dilution methods. Confocal micro-
scopy was used to detect the morphology of biofilms treated with PACT and antibiotics. The resazurin assay was
used to quantify the metabolic activity of bacteria in biofilms.
Results: PACT mediated by ICG and EDTA led to a more pronounced antibacterial effect in S. aureus and P.
aeruginosa compared with ICG alone-mediated PACT. P. aeruginosa was more sensitive to ICG and EDTA-
mediated PACT than S. aureus. After PACT treatment, the susceptibility of MRSA and MRPA to antibiotics in-
creased. Furthermore, PACT combined with antibiotic treatment significantly contributed to killing bacteria in
the biofilm and disrupting biofilm structure.
Conclusions: ICG and EDTA-mediated PACT combined with antibiotics synergistically enhanced the effects of
sterilization and biofilm destruction.

1. Introduction

Diabetes mellitus has become a global public health problem, and
approximately 80% of diabetes patients undergo amputation of lower
extremities due to foot ulcers [1]. Foot infections are one of the most
important factors that leads to amputation [2]. Most diabetic foot in-
fections (DFIs) are caused by multiple microorganisms, including
aerobic Gram-positive cocci, Gram-negative bacilli, and anaerobic

bacteria [3]. Staphylococcus aureus is the most common pathogenic
microorganism, and the prevalence of methicillin-resistant S. aureus
(MRSA) in DFI patients is 15%–30% [4]. Aerobic Gram-negative bac-
teria are usually co-pathogens in chronic infections, severe infections,
or during antibiotic treatment [3]. Recently, the incidence of clinical
multi-drug resistant organisms has increased, and 50% of isolates from
DFIs show multidrug resistance [5,6]. This may prolong the duration of
ulcers, increase their size 6], and increase the incidence of osteomyelitis
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[7].
Once the underlying tissue of diabetic foot ulcers is exposed to

various pathogenic bacteria, the surface of the ulcers is prone to
forming biofilms [8], which are a crucial factor in persistent infections
[9,10]. Biofilms, which consists of a microbial community and an ex-
tracellular polymer matrix, reduce antibiotic penetration and promote
bacterial growth [11]. Minimum biofilm bactericidal concentrations are
10–1000-fold higher than those required to kill planktonic bacteria
[12]. Furthermore, physiological changes (neuropathy and peripheral
arterial disease) and inflammation further reduce the penetration of
antimicrobial agents in diabetic foot ulcers, making it difficult for an-
timicrobial agents to reach target sites and achieve an effective dis-
tribution for sterilization [13], which can rapidly induce resistance. In
summary, the increase in multi-drug resistant organisms, biofilm for-
mation on the surface of infected wounds, and the poor penetration of
antibiotics in DFI patients all lead to a lower efficacy of antimicrobial
agents [14,15].

Photodynamic antimicrobial chemotherapy (PACT) is a non-
invasive, nonspecific antimicrobial approach that does not depend on
blood supply in the ulcer site, making it a promising method of eradi-
cating pathogenic bacteria in DFIs. Furthermore, it has not been found
to induce resistant strains [16] because it kills bacteria via cytotoxic
reactive oxygen species (ROS). During PACT, a nontoxic photosensitizer
is irradiated at a specific wavelength to generate a large amount of ROS
(i.e., singlet oxygen, superoxide anion, and oxygen radicals) to kill
bacteria [17]. ROS have a tiny life span and are limited to local tissues,
facilitating localized treatment without damaging surrounding tissues.
The in vitro and in vivo evidence have suggested that PACT can not only
stimulate growth factor production, but also reduce inflammation to
promote wound healing and angiogenesis [18–20]. In some cases where
chronic wounds are colonized with bacteria without infection, anti-
bacterials are not recommended, but PACT can be used to reduce the
load of colonized bacteria and promote ulcer healing. Additionally,
Tardivo et al. have reported methylene blue and O-toluidine blue-
mediated photodynamic therapy for diabetic foot osteomyelitis to
prevent amputation [21]. Although the article has not explored the
mechanism of photodynamic effects, it suggests that photodynamic
therapy is an effective method for treating diabetic foot.

Photosensitizers that have been clinically applied to mediate PACT
for chronic skin ulcers and DFIs include 5-aminolaevulinic acid (ALA),
methylene blue (MB), and indocyanine green (ICG), which have ab-
sorption wavelengths of 400–630 nm [22] (ALA-induced proto-
porphyrin IX), 630–690 nm [23], and 600–900 nm [24], respectively;
the maximum absorption wavelength of ICG is approximately 800 nm.
Light penetration into tissue increases with wavelength [25], and it has
been reported that penetration depth doubles from 4mm at
500–600 nm to 8mm at 800 nm [26]. Therefore, ICG-mediated PACT at
800 nm is more conducive to bactericidal and photobiological effects in
deeper tissues. It has been reported that ICG-mediated PACT had bac-
tericidal activity against S. aureus, S. pyogenes, P. aeruginosa, E. faecalis,
E. coli, Actinomycetes, and P. gingivalis in vitro [27–31], and a good effect
on acne and periodontitis in vivo [32–36]. ICG-mediated PACT has been
thoroughly studied, and it is known that PACT has better phototoxic
effects against Gram-positive bacteria than Gram-negative bacteria,
which is due to the structure of these bacteria. The outer wall of Gram-
negative bacteria consists of proteins, lipopolysaccharide trimers, and
lipoproteins, which make a quasi-continuum of densely packed nega-
tive charges that prevents penetration of the anionic photosensitizer
ICG into the cell; conversely, the outer wall of Gram-positive bacteria
does not have such a structure [17]. Therefore, the antimicrobial effects
of ICG-mediated PACT have been limited in Gram-negative bacteria.

Ethylenediamine tetraacetate (EDTA) is a metal chelating agent that
is widely used in clinical therapy and preclinical research. It has been
reported that EDTA chelates Mg2+ and Ca2+ from the cell wall of
Gram-negative bacteria, which leads to wall instability and increases
the permeability of antibiotics and photosensitizers [37–40].

Additionally, EDTA counteracts biofilms by chelating Mg2+ and Ca2+,
which maintain biofilm structure; furthermore, it also removes the iron
atoms that are essential for microbial virulence and pathogenicity [39].

To date, there has not been a report about ICG and EDTA-mediated
PACT alone or in combination with antibiotics for treating multi-drug
resistant bacteria and their biofilms in DFIs. Thus, we investigated the
effects of ICG and EDTA-mediated PACT combined with antibacterial
agents on the common planktonic bacteria and their biofilms of diabetic
foot infections in vitro. These studies will pave the way for future in vivo
studies of ICG and EDTA-mediated PACT combined with antibacterial
therapy for DFI. To the best of our knowledge, this is the first study to
combine ICG and EDTA-mediated PACT with antibiotics to synergisti-
cally treat resistant bacterial biofilms in DFI.

2. Materials and methods

2.1. Bacterial strains

The microorganisms used in this study were S. aureus (25923; ATCC,
Manassas, VA, USA), MRSA (10485), P. aeruginosa (27853; ATCC), and
multidrug-resistant P. aeruginosa (MRPA) (10911). S. aureus (25923)
and P. aeruginosa (27853) were gifts from the State Key Laboratory of
Infectious Diseases and Parasites (Chongqing, China). The clinical iso-
lates MRSA 10485 and MRPA 10911 were obtained from the First
Affiliated Hospital of Chongqing Medical University. All strains were
incubated on 5% horse blood agar plates (Jiangmen Caring Trading
Company, Jiangmen, China) for 18 h at 37 °C. S. aureus and P. aerugi-
nosa were grown aerobically in trypticase soy broth (TSB; Qingdao
Haibo Biochemistry Instruments, Qingdao, China) with shaking at 37 °C
for 4 h (logarithmic growth phase). Then the cells were collected by
centrifugation and resuspended in phosphate-buffered saline (PBS). The
optical density at 600 nm (OD600) of the S. aureus and P. aeruginosa
suspensions were adjusted to 0.1 and 0.05 absorbance, respectively,
which represented approximately 107–108 colony forming units per
milliliter (CFU/mL).

2.2. Bacterial growth

After incubating the strains in TSB overnight at 37 °C, turbidities of
the bacterial suspensions were adjusted to 0.5 on the McFarland
Standard with BaSO4 (BIO-KONT Company, Wenzhou, China). The
adjusted bacterial suspensions were diluted 100-fold with TSB, and
then continuously shaken at 37 °C. OD600 of the bacterial suspensions
were measured every hour using a microplate reader (Varioskan Flash,
Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Photosensitizer and laser

The photosensitizer ICG was purchased from Aladdin Industrial
Corporation (Shanghai, China) and before each experiment, was dis-
solved in sterile PBS to a final concentration of 1024 μg/mL and stored
in the dark at 4 °C A diode laser (excitation wavelength 808 nm; Mid-
River Ltd., Xi’an, China) was used for PACT experiments. The distance
from the laser probe to the plate surface was adjusted to obtain a power
intensity of 1.5 w/cm². A total energy dose of 135 J/cm² was uni-
versally applied for all PACT experiments.

2.4. Bacterial viability assay for ICG and EDTA treatment in the dark

CFU assays were used to measure bacteria viability following
treatment with ICG or EDTA in the dark. Bacterial suspensions of S.
aureus and P. aeruginosa in PBS were incubated with different con-
centrations of ICG in the dark for 60min at room temperature. Then,
the treated bacterial suspensions were serially diluted (10-fold), and
plated on Mueller-Hinton agar (MHA, Qingdao Haribo Biochemistry
Instruments) plates. After incubation for 24 h at 37 °C, the CFUs were
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calculated. Aliquots (100 μL) of S. aureus and P. aeruginosa suspensions
in PBS were added to a 48-well plate with equal volumes of different
EDTA concentrations. Then, the plates were incubated at 37 °C for
60min. Treated bacterial suspensions were quantified via the colony
counting methods described above.

2.5. Biofilm growth

Biofilm production by MRSA and MRPA were determined by crystal
violet staining, as previously described by Barra et al. [41] with some
modifications. Suspensions of both MRSA and MRPA in TSB were ad-
justed to a turbidity of 0.5 on the McFarland Standard, and then diluted
1:100 with TSB. Next, aliquots (200 μL) of the adjusted bacterial sus-
pensions were transferred to a 96-well plate and incubated at 37 °C for
24 h. After the wells were aspirated and washed twice with sterile
distilled water, all wells were fixed with methanol for 20min. Biofilms
were stained with 150 μL of 1% Crystal Violet solution (Beyotime Bio-
technology, Shanghai, China) for 15min, and after several washings,
the wells were air dried, and then incubated with 150 μL of 95%
ethanol for 20min. Finally, the absorbance of each well at 570 nm was
measured.

2.6. Photothermal effect of PACT

After 100 μL aliquots of the S. aureus and P. aeruginosa bacterial
suspensions in PBS were placed in a 48-well plate with equal volumes of
ICG of different concentrations, the wells were irradiated by laser at a
power intensity of 1.5 w/cm². Temperature during irradiation was de-
termined by an infrared camera (Fluke Ti32, Fluke Company, Everett,
WA, USA).

2.7. ICG-mediated PACT on planktonic bacteria

Aliquots (100 μL) of the S. aureus and P. aeruginosa suspensions
(approximately 107–108 CFU/mL) in PBS were added to a 48-well plate
and divided into four groups: Control (ICG−, laser−), ICG (ICG+,
laser−), Laser (ICG−, laser+), and PACT (ICG+, laser+). For the
PACT group, bacterial suspensions were mixed with equal volumes of
different ICG concentrations. For the ICG group, equal volumes of
128 μg/mL and 256 μg/mL ICG were mixed with S. aureus and P. aer-
uginosa suspensions, respectively; plates were then placed in the dark at
37 °C. For the laser and control groups, bacterial suspensions were
mixed with equal volumes of PBS. After adding ICG, the wells were
protected from light for 15min, then the PACT and laser groups were
irradiated for 90 s with a total light energy of 135 J/cm². The control
group did not receive any treatment. After treatment, viable bacteria
were quantified by the colony counting method described above.

2.8. The effect of EDTA combined with ICG-mediated PACT

To determine the effect of EDTA combined with ICG-mediated
PACT, bacterial suspensions of S. aureus, MRSA, P. aeruginosa, and
MRPA were divided into eight groups: (1) Control; (2) 2mM EDTA
alone [EDTA (2mM)]; (3) 5mM EDTA alone [EDTA (5mM)]; (4) ICG
and EDTA (5mM) without irradiation [ICG+EDTA (5mM)]; (5)
Laser+ EDTA (5mM) without ICG [Laser+ EDTA (5mM)]; (6) ICG-
mediated PACT (PACT-ICG); (7) ICG and EDTA (2mM)-mediated PACT
[PACT-ICG+EDTA (2mM)]; and (8) ICG and EDTA (5mM)-mediated
PACT [PACT-ICG+EDTA (5mM)]. Briefly, aliquots (100 μL) of sus-
pensions of the four strains in PBS were added to a 48-well plate, then
the corresponding concentrations of ICG and EDTA were added to the
respective wells. Different concentrations of ICG were applied to dif-
ferent strains: 16 μg/mL for S. aureus and 64 μg/mL for P. aeruginosa.
After a 15min incubation with ICG and/or EDTA (as indicated), a light
dose of 135 J/cm² was applied to the PACT and laser groups. Following
each treatment, viable bacteria were determined by the colony

counting method described above.

2.9. Antibacterial susceptibility assay after PACT

The antibiotic susceptibility of PACT-treated bacteria was detected
by the disc diffusion (Kirby-Bauer) and microdilution methods.
Suspensions of MRSA and MRPA in TSB were adjusted to a turbidity of
0.5 on the McFarland Standard, and then treated with PACT
[ICG+EDTA (5mM)] as described above. The antibiotic susceptibility
was detected by the disc diffusion (Kirby-Bauer) method on MHA
plates, which was conducted based on the Clinical and Laboratory
Standards Institute (CLSI, 2015) MO2-A12 document [42]. The micro-
dilution method was used to determine minimal inhibitory concentra-
tions (MICs) of the antibiotics with some changes [43,44]. Treated and
untreated suspensions were diluted with cation-adjusted Mueller-
Hinton broth, and then mixed with various concentrations of anti-
biotics. Vancomycin (0.5, 1, 2, 4, 8, 16, and 32 μg/mL) and minocycline
(0.5, 1, 2, 4, 8, 16, and 32 μg/mL) were used for MRSA, while amikacin
(0.25, 0.5, 1, 2, 4, 8, and 16 μg/mL) and cefepime (1, 2, 4, 8, 16, 32, and
64 μg/mL) were used for MRPA. Mixed bacterial suspensions were in-
cubated at 37 °C for 20 h, then MICs of PACT-treated bacteria were
determined by measuring OD600.

2.10. Minimum biofilm inhibitory concentration (MBIC) assay after PACT

MBICs were measured as previously described with some changes
[45]. For MBIC assays of MRSA and MRPA biofilms after PACT, 400 μL
of 0.5 McFarland-adjusted bacterial suspensions in TSB were placed in a
48-well plate without shaking at 37 °C for 24 h, then the plate was
washed twice with sterile distilled water. The biofilms were divided
into the following groups: (1) Control, (2) PACT-ICG, and (3) PACT-
ICG+EDTA(5mM). For the PACT group, the concentrations of ICG used
in MRSA and MRPA were 16 μg/mL and 64 μg/mL, respectively. After
PACT, biofilm bacteria were incubated with 400 μL of different van-
comycin or amikacin concentrations in TSB at 37 °C for 24 h. MBICs
were determined by measuring OD600.

2.11. CLSM assay

For confocal studies of biofilms formed on coverslips, 2 mL of the
0.5 McFarland-adjusted bacterial suspensions in TSB were transferred
into a 24-well plate with 15-mm glass coverslips and incubated at 37 °C
for 24 h. Biofilms were divided into the following six groups: (1)
Control; (2) EDTA; (3) Antibiotic; (4) PACT-ICG; (5) PACT-ICG+EDTA;
and (6) PACT-ICG+EDTA+Antibiotics. The EDTA concentration was
5mM in the EDTA and PACT-ICG+EDTA groups. MRSA and MRPA
biofilms were treated with different antibiotics, 32 μg/mL vancomycin
for MRSA, and 16 μg/mL amikacin for MRPA. After treatments, the
biofilms were incubated at 37 °C for 24 h. Then, the biofilms were
stained with LIVE/DEAD Baclight Bacterial Viability Kit (Molecular
Probes, Eugene, OR, USA) according to the manufacturer's protocol.
The kit contains two stains, a green-fluorescent SYTO9 nucleic acid
stain and a red-fluorescent propidium iodide (PI) stain. SYTO9 enters
all cells regardless of membrane integrity, whereas PI can only cross
damaged membranes (cells with compromised membranes are usually
considered dead) where it will also quench SYTO9 fluorescence. Thus,
dead cells took up PI and were fluorescence red, while green fluorescent
cells were considered viable. To assess bacterial viability, the two stains
were simultaneously diluted in sterile water at ratios of 3:1000. After
mixing, 200 μL of the solution was added to a 24-well microplate
containing treated biofilms and incubated for 15min at room tem-
perature in the dark. After gently washing out unattached dyes, stained
biofilms were observed under a Leica TCS.SP8 confocal microscope
(Heidelberg, Germany). The excitation/emission wavelengths were
480/500 nm for SYTO9 and 490/635 nm for PI. Bacterial viability, the
ratio of living cells relative to total cell counts, was evaluated by LAS-X
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(3.3.0-16799) software.

2.12. Resazurin assay

The resazurin assay was performed to determine the metabolic ac-
tivity of bacteria in biofilms after PACT and/or antibiotics treatments
[46–48]. Biofilms were formed in 96-well plates and treated as for
confocal imaging assays above, then 100 μL of TSB and 10 μL of Alamar
Blue (Yeasen, Shanghai, China) were added to each well. After treat-
ment, the plates were gently shaken, and then incubated in the dark for
1 h at 37 °C. Absorbance at 570 and 600 nm in the wells were de-
termined using a microplate reader. The percent reduction in Alamar
Blue staining was calculated according to the manufacturer's formula.

2.13. Statistical analysis

All statistical analyses were performed using GraphPad Prism 6.0
(GraphPad Software, La Jolla, CA, USA). All data are expressed as
mean ± standard deviation. Analyses of differences between groups
were performed using one-way analysis of variance, and multiple
comparisons between groups were performed using Tukey’s test.
Results were considered statistically significant when p < 0.05.

3. Results

3.1. The effects of ICG and EDTA alone on bacterial viability and the
photothermal effects of PACT

As shown in Fig. 1A, the four bacteria strains entered the loga-
rithmic growth phase after 2 h. Regarding biofilm growth, the optical
density at 570 nm of resolubilized Crystal Violet dye were 0.86 for
MRSA and 1.07 for MRPA (Fig. 1B). ICG in the dark had no effect on the
growth of the two wild-type strains, while EDTA concentration was
negatively correlated with the viability of the standard strains. Com-
pared with the control, the CFU of P. aeruginosa decreased by 0.48 and
1.80 (logarithmic scale) following treatment with 2mM and 5mM
EDTA for 60min, respectively. Regarding S. aureus, bacterial counts in
the 2mM and 5mM EDTA groups decreased by 0.13 and 0.93 (loga-
rithmic scale) respectively. Thus, there was no significant difference in
CFU for the S. aureus 2mM EDTA group.

Photothermal effects induced by ICG are shown in Fig. 1F. Tem-
peratures in the 48-well plate gradually increased with ICG con-
centrations. At the same irradiation dose of 135 J/cm² with different
ICG concentrations, temperatures of bacterial suspensions increased
from 22.9 °C to 47.3 °C.

3.2. Inactivating planktonic bacteria with ICG-mediated PACT

As shown in Fig. 2, viable CFU counts in the S. aureus PACT groups
were significantly reduced (Fig. 2A). There were enhanced PACT effects
as ICG concentrations increased from 2 μg/mL to 16 μg/mL, while
phototoxicity did not significantly increase between 16–128 μg/mL.
When 16 μg/mL ICG was used, there was a 3.21 logarithmic scale re-
duction (P < 0.001), corresponding to a 99.99% efficacy.

However, viable CFU counts in the P. aeruginosa PACT groups were
not significantly reduced (Fig. 2B). When the ICG concentration in-
creased to 64 μg/mL, a significant reduction in the viable count fol-
lowing irradiation was obtained (0.39 on a logarithmic scale), corre-
sponding to a 58.48% efficacy. Neither laser nor ICG treatment had any
toxicity in S. aureus or P. aeruginosa when they were applied alone. To
obtain better PACT effect and lower photothermal effect, ICG con-
centrations of 16 μg/mL were used for S. aureus and 64 μg/mL for P.
aeruginosa in subsequent experiments.

3.3. Enhanced cytotoxicity in ICG-mediated PACT combined with EDTA
treatment

For wild-type and resistant S. aureus strains, 2 mM EDTA had no
obvious cytotoxicity, but when the concentration of EDTA increased to
5mM, there were 0.77 and 0.42 logarithmic-scale reductions in viabi-
lity, respectively (Fig. 3A). There were no significant differences in
colony counts between the ICG+EDTA (5mM) and Laser+ EDTA
(5mM) groups in either strain compared with the EDTA (5mM) group.
Among the two S. aureus strains, there were also no differences in
colony counts between the PACT-ICG and PACT-ICG+EDTA (2mM)
groups. However, compared with the PACT-ICG group, viable bacteria
counts in the PACT-ICG+EDTA (5mM) group for S. aureus and MRSA
decreased by 1.12 and 1.92 (logarithmic scale), respectively.

For wild-type and resistant P. aeruginosa strains, there were no
significant differences in bacterial colony counts among the EDTA,
ICG+EDTA (5mM), and Laser+ EDTA (5mM) groups, which was
consistent with the S. aureus results (Fig. 3B). These results indicated
that the laser or ICG in combination with EDTA did not increase the
killing effect of EDTA. However, viable bacteria counts of the PACT-
ICG+EDTA (2mM) group were reduced by 2.01 and 1.80 (logarithmic
scale) for P. aeruginosa and MRPA, respectively, compared with the
respective PACT-ICG groups. Compared with the PACT-ICG group, vi-
able bacteria counts in the P. aeruginosa and MRPA PACT-ICG+EDTA
(5mM) groups decreased by 3.65 and 4.14 (logarithmic scale), re-
spectively. Therefore, an EDTA concentration of 5mM was used for
PACT in S. aureus and P. aeruginosa in subsequent experiments.

3.4. Enhanced antimicrobial susceptibility after PACT

The antimicrobial susceptibility after PACT treatment is in Tables 1
and 2 and Fig. 4. After PACT treatment of MRSA and MRPA, the in-
hibition zone of susceptible antibiotics and intermediate antibiotics
increased, while that of resistant antibiotics rarely increased. After
ICG+EDTA-mediated PACT treatment of MRSA, the MIC of vanco-
mycin decreased from 1 μg/mL to 0.5 μg/mL, and the MIC of minocy-
cline reduced from 8 μg/mL to 2 μg/mL. After ICG+EDTA-mediated
PACT treatment of MRPA, the MIC of amikacin dropped from 2 μg/mL
to 0.5 μg/mL, and the MIC of cefepime dropped from 16 μg/mL to 4 μg/
mL. These results indicated that ICG+EDTA-mediated PACT combi-
nined with antibiotics enhanced antibiotics susceptibility.

3.5. Synergistic effects of combining ICG and EDTA-mediated PACT with
antibiotics on biofilms destruction and bacterial survival

As shown in Fig. 5, the MBIC of vancomycin for MRSA in the control
group was 128 μg/mL, while in the PACT-ICG and PACT-ICG+EDTA
groups it was 32 μg/mL. The MBIC of amikacin for MRPA in the control
and PACT-ICG groups was 64 μg/mL, while in the PACT-ICG+EDTA
group it was 16 μg/mL. PACT-EDTA did

not significantly decrease MBIC compared with PACT without EDTA
in MRSA biofilms. However, PACT-EDTA significantly decreased MBIC
compared with PACT without EDTA in MRPA biofilms. Thus, vanco-
mycin of 32 μg/mL was used for MRSA biofilms, and amikacin of 16 μg/
mL was used for MRPA biofilms in the PACT-ICG and PACT-ICG+EDTA
groups, biofilms became thinner and dead cells increased; survival ra-
tios were 61.16% and 53.20%, respectively, compared with the con-
trols. When biofilms treated with PACT-ICG+EDTA were dealed with
vancomycin, the integrity of membrane structure was destroyed and a
large number of dead cells and only a small percentage of living cells
were found；survival ratio was 12.98%. In MRPA biofilms, no obvious
disruption or bacterial death were observed in the EDTA or PACT-ICG
groups. When treated with amikacin alone, no biofilm disruption was
observed, but bacterial survival in biofilms was reduced to 79.01%.
PACT-ICG+EDTA induced more bacterial deaths than PACT-ICG.
Following treatment with PACT-ICG+EDTA followed by amikacin,
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biofilm detachments increased and bacterial viability decreased, it was
consistent with the results of MRSA biofilms treated with PACT and
vancomycin.

The metabolic activity of bacteria in biofilms was not statistically
different between the EDTA and the control groups (Fig. 6D–E). Bio-
films treated with vancomycin or amikacin showed a decrease in me-
tabolic activity of 6.42% and 4.49%, respectively, compared with the
controls. For MRSA biofilms, the metabolic activity of the PACT-IC-
G+EDTA group was 4.24% lower than that of the PACT-ICG group, but

this was not statistically different. For MRPA biofilms, the metabolic
activities in the PACT-ICG and PACTICG+EDTA groups were 34.66%
and 16.34%, respectively, while PACT-ICG+EDTA treatment sig-
nificantly reduced metabolic activity compared with the controls
(33.16%). Biofilms treated with PACT-ICG+EDTA followed by anti-
biotic showed the lesser metabolic activity; the metabolic activities of
MRSA and MRPA biofilms were 8.29% and 7.75%, respectively.

Fig. 1. The effects of ICG and EDTA alone on bacterial viability and the photothermal effects of PACT.
(A) Growth curve of four strains of bacteria. (B) Biofilm production of MRSA and MRPA. Bacterial viability for ICG in the dark on S. aureus (C), P. aeruginosa (D). (E)
Effects of different concentrations of EDTA on the viability of S. aureus and P. aeruginosa. (F) a. Photothermal effect by irradiation for 90 s at a power intensity of
1.5 w/cm²; b. Infrared imager of 48 well plates were measured at 90 seconds by irradiation. The data are shown as mean ± SD (n=3). **P < 0.01 and
***P < 0.001 versus control group. ns, no significant difference.
Abbreviation: ICG, indocyanine green; PACT, photodynamic antimicrobial chemotherapy; SD, standard deviation; MRSA, methicillin-resistant Staphylococcus aureus;
MRPA, multidrug-resistant Pseudomonas aeruginosa.

Fig. 2. Inactivation effect of ICG-mediated
PACT on planktonic bacteria.
Inactivation effect of ICG mediated PACT on
planktonic bacteria S. aureus (A), P. aeruginosa
(B). The data are shown as mean ± SD
(n=3). **P < 0.01 and ***P < 0.001 versus
control group.
Abbreviation: ICG, indocyanine green; PACT,
photodynamic antimicrobial chemotherapy;
SD, standard deviation.
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4. Discussion

Diabetic foot infection treatment is facing the challenge and diffi-
culty as the emergence of antibacterial resistance and biofilm forma-
tion. We are the first to report that ICG and EDTA-mediated PACT
combined with antibiotics have enhanced bactericidal effect on re-
sistant bacterial biofilms in an in vitro model of DFI, making it a pro-
mising potential treatment for DFI in the future. In this study, we ex-
amined the inactivation of planktonic bacteria (wild type strains: S.
aureus and P. aeruginosa) and bacteria in a biofilm (resistant strains:
MRSA and MRPA) by ICG and EDTA-mediated PACT. Both ICG and
EDTA have been approved by the Food and Drug Administration and
are used clinically for biological and medical applications. We de-
monstrated that ICG-mediated PACT had a much weaker inactivation
effect against P. aeruginosa than S. aureus at the same parameters, which
was consistent with previous reports [27,28]. When combined with
EDTA, ICG and EDTA-mediated PACT had enhanced antibacterial ac-
tivity against S. aureus and P. aeruginosa, but Gram-negative P. aerugi-
nosa was more sensitive to ICG and EDTA-mediated PACT than Gram-
positive S. aureus. EDTA could improved the antibacterial effect of ICG-
mediated PACT on Gram-negative bacteria, which expands the range of

Fig. 3. Enhanced cytotoxicity in ICG-mediated PACT combined with EDTA treatment.
Enhanced cytotoxicity on S. aureus (A) and P. aeruginosa (B) in ICG-mediated PACT combined with EDTA treatment. The data are shown as mean ± SD (n=3).
*P < 0.05, **P < 0.01 and ***P < 0.001 versus control group. ###P < 0.001 between groups. ns, no significant difference.
Abbreviation: ICG, indocyanine green; PACT, photodynamic antimicrobial chemotherapy; MRSA, methicillin-resistant S. aureus; MRPA, multidrug-resistant P.
aeruginosa.

Table 1
Antimicrobial susceptibility of MRSA by disk diffusion method.

Antimicrobial
Agent

Interpretive Categories
and Zone Diameter
Breakpoints(mm)

Antibacterial Susceptibility
(mean ± SD, mm)

S I R No treatment PACT-ICG+EDTA

Linezolid ≥21 ≤20 28.0 ± 1.0 (S) 38.0 ± 1.0 (S)
Clindamycin ≥21 15-20 ≤14 28.0 ± 1.0 (S) 36.0 ± 1.0 (S)
Sulfamethox-

azole
≥17 13–16 ≤12 25.0 ± 1.0 (S) 31.0 ± 1.0 (S)

Gentamicin ≥15 13-14 ≤12 26.0 ± 1.0 (S) 36.0 ± 2.0 (S)
Minocycline ≥19 16-18 ≤15 17 ± 1.0 (I) 23.0 ± 1.0 (S)
Teicoplanin ≥19 15-18 ≤14 17.0 ± 1.0 (I) 25.0 ± 1.0 (S)
Levofloxacin ≥19 16-18 ≤15 6.0 ± 0.0 (R) 6.0 ± 0.0 (R)
Rifampicin ≥20 17-19 ≤16 6.0 ± 0.0 (R) 6.0 ± 0.0 (R)
Penicillin ≥29 ≤28 9.0 ± 1.0 (R) 12.0 ± 1.0 (R)
Erythromycin ≥23 14-22 ≤13 11.5 ± 1.0 (R) 15 ± 1.0 (R)
Cefoxitin ≥22 ≤21 9.0 ± 1.0(R) 11.0 ± 1.0(R)

The data are shown as mean ± SD (n=3).
Abbreviation: S, susceptible; I, intermediate; R, resistant; ICG, indocyanine
green; PACT, photodynamic antimicrobial chemotherapy; SD, standard devia-
tion.

Table 2
Antimicrobial susceptibility of MRPA by disk diffusion method.

Antibacterial Agent Interpretive Categories and Zone Diameter Breakpoints (mm) Antibacterial Susceptibility
(mean ± SD, mm)

S I R No treatment PACT-ICG+EDTA

Amikacin ≥17 15-16 ≤14 27.0 ± 2.0 (S) 34.0 ± 2.0 (S)
Ceftazidime ≥18 15-17 ≤14 16.0 ± 1.0 (I) 21.0 ± 1.0 (S)
Cefepime ≥18 15-17 ≤14 16.0 ± 1.0 (I) 21.0 ± 1.0 (S)
Meropenem ≥19 16-18 ≤15 6.0 ± 0.0 (R) 6.0 ± 0.0 (R)
Imipenem ≥19 16-18 ≤15 6.0 ± 0.0 (R) 6.0 ± 0.0 (R)
Minocycline ≥16 13-15 ≤12 13.0 ± 1.0 (R) 14 ± 1.0 (R)
Ciprofloxacin ≥21 16-20 ≤15 8.5 ± 1.0 (R) 14.0 ± 1.0 (R)
Levofloxacin ≥17 14-16 ≤13 6.0 ± 0.0 (R) 6.0 ± 0.0 (R)
Ceftriaxone ≥21 14-20 ≤13 6.0 ± 0.0 (R) 6.0 ± 0.0 (R)
Piperacillin/

Tazobactam
≥21 15-20 ≤14 13.0 ± 1.0 (R) 19.0 ± 1.0 (I)

The data are shown as mean ± SD (n=3).
Abbreviation: S, susceptible; I, intermediate; R, resistant; ICG, indocyanine green; PACT, photodynamic antimicrobial chemotherapy; SD, standard deviation.
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clinical applications for this way. Similarly, EDTA alone had only slight
antibacterial effects against S. aureus and P. aeruginosa, and P. aerugi-
nosa was more sensitive than S. aureus. This was probably due to the
different outer membrane structure of Gram-positive and Gram-nega-
tive bacteria. The outer membrane surface of Gram-negative bacteria is
a negatively charged quasi-continuum, and divalent cations are re-
quired to stabilize these negative charges [17]. When EDTA sequesters
these cations, the stability and permeability of the outer membrane is
disturbed, which facilitates uptake of the photosensitizer ICG and light
penetration [17,39]. Additionally, both wild-type and drug-resistant S.
aureus and P. aeruginosa strains had the same PACT effects, indicating
that PACT was a nonspecific sterilization method. MBIC values, cell
survival rates and the metabolic activity in biofilms all decreased by
photosensitization, indicating that ICG and EDTA-mediated PACT can
kill bacteria in biofilms. However, confocal imaging showed that the
decreased survival of bacteria in biofilms following PACT was much
lower than that observed when PACT was used against planktonic
bacteria. This difference could be due to bacterial cells in a biofilm
differing from their planktonic counterparts in cell wall composition,
growth rate, and the presence of components in the matrix that hin-
dered photosensitizer uptake and/or light penetration.

Along with killing planktonic and biofilm bacteria, ICG and EDTA-
mediated PACT displayed a second important activity: antibacterial
sensitization. We devised experiments where ICG and EDTA-mediated
PACT was combined with antibiotics on planktonic and biofilms of
resistant S. aureus and P. aeruginosa. We found that the combination of
PACT and antibiotics was more effective than either agent alone.
Notably, after PACT treatment, the inhibition zone of susceptible an-
tibiotics and intermediate antibiotics increased for MRSA and MRPA,
but that of resistant antibiotics rarely did. At the same time, the MIC of

vancomycin, minocycline, amikacin, and cefepime were significantly
reduced. This improvement in antibacterial susceptibility could be due
to the ROS produced by PACT, which then acted on bacterial cell walls,
membranes, and nucleic acids to kill bacteria and reduce colony counts
[49] without altering bacterial resistance mechanisms. Therefore, the
inhibitory zone of the drug-resistant antibiotics for MRSA (levofloxacin
and rifampicin) did not change, nor did that of ceftriaxone, levo-
floxacin, imipenem, or meropenem for MRPA. Furthermore, we de-
monstrated that MBIC was more higher than MIC; for MRSA, the MBIC
value of vancomycin was 128-fold higher than the MIC value, and for
MRPA, the MBIC value of amikacin was 32-fold higher than the MIC
value, which might explain why monotherapy with conventional anti-
biotics often fails to eradicate DFIs that include biofilms. However,
when biofilms were treated with PACT, the MBIC values of MRSA and
MRPA were reduced to 25% of the control. This showed that the sy-
nergistic therapy provided more antibacterial options and allowed low
dose of antibiotics for clinical DFI patients.

We further tested the synergistic effects of PACT combined with
antibiotics to disrupt bacterial survival and architecture in biofilms. The
results from the Confocal microscopy analysis were consistent with the
metabolic activity alteration in biofilm observed by Resazurin assay.
Compared with other images of biofilms, only the biofilms subjected to
PACT and antibiotic showed some scattered bacteria-free voids and
almost all dead cells, which indicated that PACT destroyed the biofilm
structure; however, the combination of PACT with antibiotics had more
evident biofilm destruction. This may be due to bacterial cell membrane
damage caused by PACT, which may reduce cell-to-cell contact or cell-
extracellular polymeric substance (EPS) binding [50], which increases
the sensitivity of bacteria to antibacterial agents. This effect might also
be related to EDTA destroying the biofilm structure by chelating cations
and reducing EPS crosslinking, which could increase the effects of PACT
[39,51]. Additionally, we found dead cells throughout the entire
thickness of PACT-treated biofilms, indicating good photosensitizer
diffusion and infrared laser penetration.

In the ICG-mediated PACT on planktonic S. aureus testing, the CFU
of viable counts did not decrease or decreased only slightly when the
ICG concentration was increased from 16 μg/mL to 128 μg/mL, despite
the temperatures of the bacterial suspensions increased with ICG con-
centration. It has been shown that decreased viable bacterial counts are
primarily related to the ROS produced by PACT rather than photo-
thermal action, which is consistent with the conclusions reported by
Omar et al. [28]. Temperatures above 45 °C can induce cell necrosis,
but normal tissues can tolerate this temperature due to internal heat
dissipation (possibly due to augmented blood flow); even when heated
to 50 °C, there is almost no damage to normal organs, tissues, or skin
[52]. However, peripheral nerves and blood vessels in patients with
diabetic foot ulcers may have been compromised, resulting in tem-
perature insensitivity and poor temperature regulation. Therefore,
when using ICG-mediated PACT, especially high concentration ICG,
pulsed light and a cooling system is recommended to protect the skin.

This study showed that the combination of PACT and antibiotics

Fig. 4. The MIC of antibiotics for MRSA (A)
and MRPA (B) determined by the microdilu-
tion method. The data are shown as
mean ± SD (n= 3).
Abbreviation: MIC, minimum inhibitory con-
centration; PACT, photodynamic antibacterial
chemotherapy; MRSA, methicillin-resistant
Staphylococcus aureus; MRPA, multidrug-re-
sistant Pseudomonas aeruginosa; ICG, in-
docyanine green; EDTA, ethylenediamine tet-
raacetate.

Fig. 5. Effect of ICG and/or EDTA-mediated PACT combined with antibiotics on
the MBIC of MRSA and MRPA. The data are shown as mean ± SD (n=3).
Abbreviation: MBIC, minimum biofilm inhibitory concentration; PACT, pho-
todynamic antibacterial chemotherapy; MRSA, methicillin-resistant
Staphylococcus aureus; MRPA, multidrug-resistant Pseudomonas aeruginosa; ICG,
indocyanine green; EDTA, ethylenediamine tetraacetate
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was a suitable approach to inactivate and disrupt resistant bacterial
biofilms. Therefore, ICG and EDTA-mediated PACT combined with
antibiotics treatment could be an interesting approach for superficial
infectious diseases associated with the presence of biofilms, such as
diabetic foot, burns, bedsores, dental caries, and root canal infections.

5. Conclusion

These results clearly demonstrated that the combination of EDTA
and ICG-mediated PACT significantly enhanced the bactericidal effects
on planktonic bacteria and resistant bacterial biofilms compared with
ICG-alone-mediated PACT. The combination treatment of ICG and
EDTA-mediated PACT with antibiotics successfully reduced bacterial
survival in biofilms, disrupted biofilms structure and improved anti-
bacterial susceptibility. Thus we have defined a new approach of in-
activating and disrupting resistant bacterial biofilms. Therefore, this
study may provide an effective and interesting approach of treating
DFIs and other superficial infectious diseases with biofilms. However,
this approach still needs to be clinically validated.
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