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SUMMARY

Developing an effective therapy to overcome carbapenemase-positive Klebsiella
pneumoniae (CPKp) is an important therapeutic challenge that must be ad-
dressed urgently. Here, we explored a Ca-EDTA combination with aztreonam
or ceftazidime-avibactam in vitro and in vivo against diverse CPKp clinical iso-
lates. The synergy testing of this study demonstrated that novel aztreonam-Ca-
EDTA or ceftazidime-avibactam-Ca-EDTA combination was significantly effective
in eliminating planktonic andmature biofilms in vitro, as well as eradicating CPKp
infections in vivo. Both combinations revealed significant therapeutic efficacies in
reducing bacterial load in internal organs and protecting treated mice from mor-
tality. Conclusively, this is the first in vitro and in vivo study to demonstrate that
novel aztreonam-Ca-EDTA or ceftazidime-avibactam-Ca-EDTA combinations pro-
vide favorable efficacy and safety for successful eradication of carbapenemase-
producing Klebsiella pneumoniae planktonic and biofilm infections.

INTRODUCTION

Because of their ability to exchange resistance genes and their multidrug resistance phenotypes, the

dissemination of carbapenemase-producing Klebsiella pneumoniae (CPKp) poses a substantial threat to

public health.1–5 CPKp are a prominent cause of nosocomial infections associated with high morbidity.3

Metallo-b-lactamases (MBLs) are prevalent among carbapenemase-producing Enterobacteriaceae (CPE)

worldwide, and in many countries, they are more common than Klebsiella pneumoniae carbapenemase

(KPC).3,6,7 In some places, the increased use of ceftazidime–avibactam has resulted in MBLs eclipsing

KPC as the most frequent carbapenemase.3,6,7 The hydrolysis of b-lactams by MBLs is catalyzed by zinc

ions, and MBLs are not inhibited by commercially available b-lactamase inhibitors (BLIs), such as diazabi-

cyclooctane (avibactam and relebactam) or cyclic boronic acid (vaborbactam).6,8 Biofilm formation is crucial

for CPKp colonization, causing persistence in the host and antibiotic tolerance.2,6,7,9 Treating infections

caused by MBL-producing Klebsiella is an important and continuing therapeutic requirement.

Currently, aztreonam is the only monobactam used clinically.10 Aztreonam is not hydrolyzed by MBLs

because of its weak and unproductive interaction with MBLs.10,11 Many bacterial strains that produce

MBLs also produce other beta-lactamases, such as extended-spectrum b-lactamase (ESBL) or AmpC b-lac-

tamase, which can hydrolyze aztreonam.8,10,11 Moreover, biofilm formation contributes significantly to

aztreonam tolerance.2,11,12 Nevertheless, some studies have examined the utility of aztreonam in combina-

tion with ceftazidime–avibactam.8,11,13,14 A combination of aztreonam and ceftazidime–avibactam has
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shown significant antibacterial synergy against NDM-producing K. pneumoniae, other Enterobacterales,

and Stenotrophomonasmaltophilia, and the combination is findingmore widespread use clinically.8,11,13,14

However, only limited data are available on the effectiveness of this treatment for K. pneumoniae biofilm-

associated infections. There is a danger that unindicated extensive use of this combination may lead to the

development of tolerance and resistance. Because there are no alternatives in the antibiotic treatment

armamentarium and reliance on this combination seems unavoidable, reducing the disparity between

the risk of resistance and developing new antibiotics requires innovative use of existing therapeutic op-

tions. To achieve this, the documented ability of ethylenediamine tetra-acetic acid (EDTA) to improve

the potency of various antibiotics against gram-negative pathogens provides an attractive therapeutic op-

portunity.2,7,9,15 EDTA enhances bacterial outer membrane permeability and releases lipopolysaccharides

(LPS), which improves antibiotic potency by facilitating their ability to penetrate bacterial walls, enabling

the antibiotics to reach their intended targets.7,9,16–18 EDTA has shown antibiofilm activity by disrupting

the biofilmmatrix, increasing the ability of existing antibiotics to eradicate bacteria in mature biofilms.7,9,16

EDTA has potent bactericidal activity against inner cells of biofilms that have lower metabolic activity.7,9

Our recent studies on EDTA demonstrate potential used of EDTA as adjuvant by disrupting the biofilmma-

trix and increasing the effectiveness of colstin for eradicating mature biofilms on colistin-resistant

K. pneumoniae (ColRkp).7,9 Moreover, the combination of colistin and EDTA has been found to have

powerful synergistic effects against XDR and PDR ColRkp isolates. This is because of the EDTA ions’

sequestration ability to increase the permeability of the bacterial outer membrane, which sensitizes and

synergizes with colistin to increase its effectiveness.7,9 The chelation of EDTA can also enhance the entry

of colistin into bacteria by blocking intracellular targets of colistin, such as essential respiratory enzymes,

thereby overcoming colistin resistance regardless of the underlying mechanism.7,9,16–22 Several other

studies also demonstrated the ability of Ca-EDTA-imipenem to clear NDM-1-E. coli and IMP/VIM-

P. aeruginosa infections.17–21 In our previous study, we utilized EDTA as an antibiotic lock therapy.7,9 How-

ever, EDTA can cause renal toxicity, especially in patients with pre-existing kidney disease or those

receiving high doses of the drug.18,19 Furthermore, EDTA can bind to crucial minerals, leading to defi-

ciencies resulting in health issues like anemia, cardiac arrhythmias, and neurological disorders. As a result,

it is recommended to use intravenous Ca-EDTA, which is less potent but safer for patients.17,18 Therefore,

Ca-EDTA could be used as an potential adjuvant in ceftazidime–avibactam or aztreonam combinations to

counteract CPKp.
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RESULTS

Ca-EDTA combination with aztreonam or ceftazidime/avibactam displays synergistic activity

against CPKp clinical isolates

Clinical characteristic, carbapenems susceptibility, phenotype, and gene pattern of CPKp clinical isolates

used in this study summarized in Table 1. We did not observe any signs of growth in any planktonic CPKp

clinical isolate in the presence of 6–24 mg/mL Ca-EDTA (Table 2). Both Ca-EDTA + ceftazidime–avibactam

(0.375 mg mL�1 + 0.5 mg mL�1/) and Ca-EDTA + aztreonam (0.75–0.375 mg mL�1 + 32 mg mL�1) showed

potent synergistic activity (FICI %0.5) against various CPKp clinical isolates (Figure 1). Compared with

ceftazidime–avibactam, aztreonam, or Ca-EDTA alone, Ca-EDTA combined with ceftazidime–avibactam

or aztreonam showed a R3 log reduction in CFUs within 2 h (Figure 1). It is noteworthy that Ca-EDTA

(3–6 mg mL�1) combined with ceftazidime–avibactam (2 mg mL�1) or aztreonam (2 mg mL�1) was able to

eradicate mature biofilms derived from CPKp clinical isolates (p < 0.05). Ca-EDTA combined with

ceftazidime–avibactam or aztreonam reduced the MBEC by > 1000-fold (Table 2). A similar effect against

planktonic cells and biofilms was observed for ceftazidime–avibactam combined with aztreonam (Table 1)

(Figure 1).
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Ca-EDTA combination with aztreonam or ceftazidime/avibactam shows potent in vitro

activity on mature CPKp biofilms

Ca-EDTA (3–6 mg/mL) in combination with aztreonam (2 mg/mL) or ceftazidime/avibactam (2 mg/mL) dis-

played significant reductions in biofilm biovolume in a time-dependent manner with the most pronounced

eradication effects observed within 48 h (p < 0.001) (Figure 2A). Of note was the significant reduction in bac-

terial cell viability within the biofilm within 6 h (p < 0.001) with the addition of Ca-EDTA to either aztreonam

or ceftazidime/avibactam (Figure 2B). Of interest, aztreonam + Ca-EDTA combination displayed a signif-

icant (p < 0.05) reduction in bacteria cell viability within the biofilm after 6 h exposure as well as biofilm bio-

volume reduction at 48 h, when compared to aztreonam + ceftazidime/avibactam combination (Figure 2).
2 iScience 26, 107215, July 21, 2023
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Ca-EDTA combination with aztreonam or ceftazidime/avibactam completely eradicates

CPKp catheter-related biofilm infection

To assess the potential effectiveness of combining Ca-EDTA with either aztreonam or ceftazidime/

avibactam for therapeutic purposes in in vivo, we conducted experiments using a murine model of

catheter-related biofilm infection caused by CPKp, a significant Gram-negative pathogen commonly

associated with such infections. We found a significant (p < 0.01) reduction in biofilm biomass and a

lower viable/dead cell ratio (p < 0.01) by adding Ca-EDTA (3–6 mg mL�1) to either ceftazidime–

avibactam (2 mg mL�1) or aztreonam (2 mg mL�1) (Figures 3B and 3C). Furthermore, when compared with

antibiotic(s) alone, Ca-EDTA combined with ceftazidime–avibactam or aztreonam significantly inhibited

biofilm biovolume (p < 0.001) (Figure 3D). However, the Ca-EDTA + aztreonam combination significantly

reduced biofilm biomass (p < 0.01), resulted in a lower viable/dead ratio (p < 0.01), and reduced biofilm

biovolume compared with the ceftazidime/avibactam + aztreonam combination (Figures 3B–3D). Mice

treated with Ca-EDTA combined with ceftazidime–avibactam or aztreonam displayed significantly higher

survival rates until day 7 when compared with treatment with antibiotic alone (p < 0.01) or Ca-EDTA alone

(p < 0.01) (Figure 3E). Of interest, mice treated with Ca-EDTA + aztreonam had significantly (p < 0.05)

higher survival rates (100%) than mice treated with ceftazidime/avibactam + aztreonam (Figure 3E).

Confocal microscopic analysis confirmed the significant reduction in biofilm biovolume and viable CPKp

cells within biofilms treated with Ca-EDTA combined with ceftazidime/avibactam or aztreonam (Figure 4).
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Administration of Ca-EDTA combination with aztreonam or ceftazidime/avibactam showed

potent synergistic activities in murine CPKp-associated bacteremia

CPKp is one of the most important Gram-negative pathogens associated with bloodstream infections.

Therefore, we conducted experiments using a murine model of bloodstream infections to assess the po-

tential effectiveness of combining Ca-EDTA with either aztreonam or ceftazidime/avibactam for therapeu-

tic purposes. Compared with monotherapy, Ca-EDTA combined with ceftazidime–avibactam or aztreonam

significantly reduced the bacterial load on internal organs (blood, heart, kidneys, lungs, and spleen) when

administered intraperitoneally (Figure 5B; p < 0.01). Adding Ca-EDTA to either ceftazidime–avibactam or

aztreonam significantly improved the survival of treated mice with CPKp-associated bacteremia compared

with monotherapy (Figure 5C; p < 0.01). It is noteworthy that mice treated with Ca-EDTA + ceftazidime–

avibactam and ceftazidime/avibactam + aztreonam had significantly (p < 0.05) higher survival rates

(100%) than mice treated with Ca-EDTA + aztreonam (Figure 5C).
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Ca-EDTA combination with aztreonam or ceftazidime/avibactam increases the survival of

mice with CPKp-associated pneumonia

To evaluate the possible efficacy of combining Ca-EDTA with either aztreonam or ceftazidime/avibactam

for treating pneumonia, we carried out experiments using a mouse model of pneumonia induced by CPKp.

CPKp is widely acknowledged as a highly relevant type of Gram-negative pathogen commonly associated

with pneumonia. Neither Ca-EDTA, ceftazidime–avibactam, nor aztreonam treatment alone significantly

reduced bacterial numbers in the lungs of infected mice (Figure 6B). In contrast, simultaneous administra-

tion of Ca-EDTA with either ceftazidime–avibactam or aztreonam significantly improved the clearance of

bacteria from their lungs (Figure 6B; p < 0.01). Notably, the effects of Ca-EDTA with ceftazidime–

avibactam were striking, with >90% survival for mice treated with this combination (Figure 6C; p < 0.01).

Consistent with this observation, the bacterial load was also significantly reduced when mice were treated

with Ca-EDTA combined with either ceftazidime–avibactam or aztreonam (Figure 6B; p < 0.01).
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Ca-EDTA with aztreonam or ceftazidime/avibactam combination significantly decreases

bacterial load in thigh infection mice and serum creatinine

To evaluate the possible efficacy of combining Ca-EDTA with either aztreonam or ceftazidime/avibactam

for treating soft tissue infection, we carried out experiments using a mouse thigh infection model induced

by CPKp. In a mouse model of thigh infection, bacterial counts after treatment with Ca-EDTA combined

with ceftazidime–avibactam or aztreonam were significantly lower than in mice receiving monotherapy

(Figure 7B; p < 0.01). Ca-EDTA + ceftazidime–avibactam and ceftazidime/avibactam + aztreonam signifi-

cantly reduced the bacterial load more than Ca-EDTA + aztreonam (Figure 7B; p < 0.01). Moreover, in-

fected mice treated with Ca-EDTA + ceftazidime–avibactam or aztreonam showed significantly lower

serum creatinine levels than mice treated with monotherapy (Figure 7C; p < 0.05).
iScience 26, 107215, July 21, 2023 3
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Ca-EDTA with aztreonam or ceftazidime/avibactam combination altered expressions of

virulent genes in vivo

The expression ofmrkD, and luxS was not significantly affected by Ca-EDTA or aztreonam or ceftazidime/

avibactam or as combination. The ompK 35 expression was increased significantly (p < 0.05) with Ca-EDTA,

aztreonam and ceftazidime/avibactam as compared to Ca-EDTA with aztreonam or ceftazidime/avibactam

combination. But the ompK 36 expression level increase significantly (p < 0.05) with Ca-EDTA with aztreo-

nam or ceftazidime/avibactam combination. Expression of kfu was significantly increased (p < 0.05) after

giving Ca-EDTA with aztreonam or ceftazidime/avibactam combination as compared to aztreonam or

ceftazidime/avibactam or Ca-EDTA alone. Genes—ybtS expression were significantly lower (p < 0.05) in

Ca-EDTA with aztreonam or ceftazidime/avibactam combination compared to ceftazidime/avibactam or

Ca-EDTA alone. For uge and wabG, their expression levels were significantly increased (p < 0.05) after

exposure to Ca-EDTA as compared to Ca-EDTA with aztreonam or ceftazidime/avibactam combination

(Figure 7D).
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DISCUSSION

The present study demonstrates the effectiveness of combining treatment with ceftazidime–avibactam or

aztreonam with Ca-EDTA against CPKp in vitro and associated infections in vivo. Adding Ca-EDTA to the

antibiotic treatments reduced the planktonic MICs and biofilm MBEC when ceftazidime–avibactam or az-

treonam were used to treat MBL-producing isolates and non-MBL-producing CPKp isolates. We observed

similar survival benefits of Ca-EDTA combined with ceftazidime–avibactam or aztreonam in catheter lock

therapy after subcutaneous administration. Ca-EDTA + aztreonam combined showed excellent antibiofilm

activity compared with Ca-EDTA + ceftazidime–avibactam or ceftazidime–avibactam + aztreonam. Ca-

EDTA combined with ceftazidime–avibactam or aztreonam produces similar or even better efficacy against

CPKp isolates than current ceftazidime–avibactam + aztreonam treatments.

This study found that CPKp has altered the expression of various virulence genes in response to Ca-EDTA

combined with ceftazidime–avibactam or aztreonam, including genes related to lipopolysaccharide (wabG

and uge), which protect the bacteria from the host’s immune system and enhance its ability to cause dis-

ease. We also found that the bacteria have altered porin genes (ompK 35 and 36) to improve nutrient trans-

port and survival within the host, iron acquisition system genes (kfu and ybtS) to modulate the host’s im-

mune response for systemic survival and dissemination, type 3 fimbria adhesin (mrkD) to bind to abiotic

surfaces and develop biofilms, and type 2 quorum-sensing regulatory system gene (luxS) to promote bio-

film development by facilitating cell-to-cell communication.7,9 When bacteria are exposed to antimicrobial

agents/Ca-EDTA, it creates a stressful environment that can lead to changes in the expression of bacterial

genes. Also, the upregulation of kfu was probably due to iron deprivation because of Ca-EDTA seques-

tering metal ions, including iron. The altered expression of virulence genes observed in this study suggests

that CPKp has an adaptive response to survive in a hostile environment caused by the different treatments

given to mice. However, further research is needed to investigate the mechanism of virulence gene

changes after treatment with Ca-EDTA combined with ceftazidime–avibactam or aztreonam or alone.

The present data suggest a potential therapeutic application of Ca-EDTA to augment antibiotic treatment

of infectious diseases caused by CPKp.

EDTA has several antibacterial activities, mainly chelating metal ions from microorganisms.16,19 EDTA can

rapidly disperse and eradicate bacteria from biofilms by chelating various divalent cations (e.g., Mg2+ and

Ca2+) required to stabilize the biofilm matrix.7,9,16–22 Exploiting the antibiofilm property of EDTA, several

investigators, including those in our group, reported practical uses of this chelator for catheter lock solu-

tions.9,21 EDTA can also deprive LPS of divalent cations, resulting in permeabilization and disorganization

of the bacterial outer membrane.16 Combining EDTA with carbapenems augments the post-antibiotic and

post-b-lactamase inhibitor effects on MBL-producing Pseudomonas aeruginosa isolates.20 Moreover, add-

ing EDTA can restore the antibacterial activity of colistin in colistin-resistant K. pneumoniae infections.

However, the clinical application of EDTA has been limited because of its toxicity.20 The apparent absence

of toxicity or mortality in mice treated with higher doses of Ca-EDTA (subcutaneous dose of 80 mg kg�1)

observed in the present study and the clinical use of edetate calcium disodium (calcium disodium versen-

ate) to treat lead and other heavy metal poisoning suggests that Ca-EDTA may potentially be used ther-

apeutically to treat CPKp infections.
4 iScience 26, 107215, July 21, 2023
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Table 1. Clinical characteristic, carbapenems susceptibility, phenotype, and gene pattern of K. pneumoniae clinical isolates (n = 29)

No. Specimen Sex

Age

(Years)

Carbapenems

susceptibility test Phenotype of

Gene pattern

Pattern of entire

of bla gene

by sequencingIMP MEM ETP DOR Carbapenemases MBLs KPC

Biofilm formation

category

U17 Urine – – R R R NT + + – IMP IMP-14a Strong

U22 Urine – – R R R NT + + – IMP IMP-14a Strong

U35 Urine – – R R R NT + + – IMP IMP-14a Strong

V17 Urine – – R R R NT + + – IMP IMP-14a Strong

385 Urine Male 70 R R R R + + – IMP IMP-14a Strong

593 Urine Male 70 R R R R + + – NDM NDM-1 Moderate

U12 Urine Male – R R R NT + + – NDM NDM-1 Moderate

U27 Urine – – R R R NT +/w + – NDM NDM-1 Moderate

U9 Urine – – R R R NT + + – NDM NDM-1 Strong

52 Urine – – R R R NT +/w + – NDM NDM-1 Moderate

383 Urine Male 66 R R R R +/w + – NDM NDM-1 Strong

480 Bile Male 59 R R R R + + – NDM NDM-1 Strong

492 Urine Female 91 R R R R + + – NDM NDM-1 Strong

631 Urine Male 88 R R R R + + – NDM NDM-1 Moderate

503 Sputum Male 81 R R R R + – – OXA-48 OXA-181 Moderate

454 Bile Male 73 R R R R + + – OXA-48+

NDM

OXA-181+

NDM-5

Strong

614 Endotracheal

aspirate

Male 1 month R R R R + – – OXA-48 OXA-232 Strong

477 Bile Female 45 R R R R + – – OXA-48 OXA-232 Strong

500 Blood Male 63 R R R R + – – OXA-48 OXA-232 Strong

605 Pus, Wound Male 74 R R R R + + – OXA-48+NDM OXA-232+NDM-1 Strong

601 Sputum Male 89 R R R R + + – OXA-48+NDM OXA-232+NDM-1 Moderate

628 Sputum Male 83 R R R R + + – OXA-48+NDM OXA-232+NDM-1 Moderate

460 Corneal scraping Male 67 R R R R + + – OXA-48+NDM OXA-232+NDM-1 Strong

495–1 Biopsy. Tissue,

Autopsy

Male 69 R R R R + +/� – OXA-48+NDM OXA-232+NDM-1 Strong

498 Urine Female 35 R R R R + + – OXA-48+NDM OXA-232+NDM-1 Moderate

622 Urine Male 88 R R R R + + – OXA-48+NDM OXA-232+NDM-1 Strong

632 Urine Female 83 R R R R + + – OXA-48+NDM OXA-232+NDM-1 Strong

478 Biopsy. Tissue,

Autopsy

Male 69 I I I S + – – OXA-48 OXA-48 Moderate

633 Urine Female 46 R R R R + – – OXA-48 OXA-48 Strong

IMP, Imipenem; MEM, Meropenem; ETP, Ertapenem; DOR, Doripenem; S, Susceptible; I, Intermediate; R, Resistant; NT, not tested; +, positive; -, negative; +/�, CAEDTA disk synergy positive but CAEDTA

combination disk negative; +/w, weakly positive.
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Table 2. Susceptibilities of planktonic and biofilms of carbapenemase-producing K. pneumoniae clinical isolates (n = 29) to Ca-EDTA, Aztreonam and Ceftazidime/Avibactam and their

combination in vitro

No of

isolates

Gene

pattern

Pattern of

entire

of bla

gene by

sequencing

Biofilm

formation

category

ATM

(mg/

mL)

CZA

(mg/

mL)

CaEDTA

(mg/mL)

ATM +

CZA(mg/

mL)

ATM (mg/

mL) +

CaEDTA

(mg/mL)

CZA (mg/

mL) +CaEDTA

(mg/mL)

ATM

(mg/mL)

CZA(mg/

mL) CaEDTA

ATM +

CZA

(mg/

mL)

ATM

(mg/

mL) +

CaEDTA

(mg/mL)

CZA

(mg/

mL) +

CaEDTA

(mg/mL)

5 IMP IMP-14a Strong 512–

128

256–64 24–6 8–0.5/8–

0.5

32/0.75–

0.375

0.5/0.375 2048–

1024

4096 6 4/8 2/3 2/6

5 NDM NDM-1 Moderate 512–

128

128–64 12–6 8–0.5/2–

0.5

32/0.75 0.5/0.375 2048 4096 6 4/8 2/3 2/6

4 Strong 512–

128

256–64 24–6 8–0.5/8–

0.5

32/0.75 0.5/0.375 2048–

1024

4096 12 4/8 2/3 2/6

1 OXA-48 OXA-181 Moderate 128 128 12 0.5/8 32/0.75–

0.375

0.5/0.375 2048 4096 24 4/8 2/3 2/6

1 OXA-

48+NDM

OXA-181

+NDM-5

Strong 128 128 6 8/0.5 32/0.375 0.5/0.375 2048 4096 6 4/8 2/3 2/6

3 OXA-48 OXA-232 Strong 512–

128

256–64 12–6 8–0.5/8–

0.5

32/0.75 0.5/0.375 2048 4096 6 4/8 2/3 2/6

3 OXA-

48+NDM

OXA-232

+NDM-1

Moderate 512–

256

256–

128

12–6 8–0.5/8–

0.5

32/0.75 0.5/0.375 2048 4096 6 4/8 2/3 2/6

5 Strong 512–

128

256–64 12–6 8–0.5/8–

0.5

32/0.75–

0.375

0.5/0.375 2048–

1024

4096 6 4/8 2/3 2/6

1 OXA-48 OXA-48 Moderate 128 128 6 2/0.5 32/0.75–

0.375

0.5/0.375 2048 4096 6 4/8 2/3 2/6

1 Strong 128 128 6 0.5/8 32/0.375 0.5/0.375 2048 4096 12 4/8 2/3 2/6

ATM Aztreonam.

CZA Ceftazidime/Avibactam.

Calcium disodium ethylenediaminetetraacetate (Ca-EDTA).

Minimal inhibitory concentrations (MIC, mgmL�1) for planktonic cells.

Minimal biofilm eradication concentrations (MBEC, mgmL�1) for mature biofilms.
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Figure 1. Synergistic and Time-kill effect on carbapenemase-producing K. pneumoniae clinical isolates (n = 29)

(A) Synergistic, and Time-kill data for (B) Ca-EDTA + ceftazidime/avibactam, (C) Ca-EDTA +aztreonam, (D) aztreonam + ceftazidime/avibactam. All

experiments in (A) and (B) was performed as three biologically independent experiments, and the meanG s.d. is shown. p values were determined using an

unpaired, two-tailed Student’s t test.
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Owing to a shortage of alternatives, ceftazidime–avibactam and aztreonam combined treatment is increasing

markedly.8,11,14 However, there is concern that the increased clinical use of this combinationmay induce future

selective pressure on K. pneumoniae to develop resistance.23 Exposure to several antimicrobial agents cre-

ates a stressful environment for bacteria, resulting in altered expression of bacterial genes.7,9,23–28 Because

CPKp will become resistant to nearly all classes of b-lactamase agents and the scant development of new

MBL-stable b-lactam antibiotics or MBL inhibitors, the continued dissemination of CPKp may pose important

clinical challenges.6 Our present data demonstrate that Ca-EDTA sensitizes various CPKp clinical isolates to

ceftazidime–avibactam and aztreonam. A difference in the synergy between the two combinations was

against biofilm, where more effectiveness was observed when Ca-EDTA was combined with aztreonam.

This difference is likely attributable to the efficient penetrative ability of aztreonam through the biofilmmatrix.

However, ceftazidime–avibactam combined with Ca-EDTA still showed efficacy against CPKp biofilms.

Limitations of the study

Our study findings are fully based on in vitro and in vivo mouse experiments and may not 100% reflect the

human body environments and associated complexities. Combining the present results with human clinical

trials of CPKp infections would clarify the clinical applicability of the findings.

Conclusions

Here, combiningCa-EDTAwith ceftazidime–avibactam or aztreonamhas demonstrated the potential utility of

these combinations to overcome the antibiotic resistance of CPKp. The concentrations of Ca-EDTA used for

the experiment were effective and fell within a clinically accessible range.17 We also demonstrated the anti-

biotic-synergistic effects of Ca-EDTA in vivo. In our murinemodel of pneumonia caused by CPKp, cotreatment
iScience 26, 107215, July 21, 2023 7
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Figure 2. Effects of Ca-EDTA, aztreonam and ceftazidime/avibactam and their combination in vitro

(A) biofilm biovolume and (B) biofilm cell viability (%) of carbapenemase-producing K. pneumoniae clinical isolates

(n = 29) at different time intervals. All experiments in a–b was performed as three biologically independent experiments,

and the mean G s.d. is shown. p values were determined using an unpaired, two-tailed Student’s t test.
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Figure 3. Effects of Ca-EDTA, aztreonam and ceftazidime/avibactam and their combination on catheter biofilm infections

Effects of PBS (control), aztreonam (16 mg/mL), ceftazidime/avibactam (1 mg/mL) (16 mg/mL), ceftazidime-avibactam + aztreonem (16/16 mg/mL), Ca-EDTA

(24 mg/mL), aztreonam -Ca-EDTA (4/12 mg/mL) and ceftazidime/avibactam- Ca-EDTA (4 mg/mL + 12 mg/mL) on carbapenemase-producing K. pneumoniae

clinical isolates (n = 7) catheter biofilm infection model in vivo (A) biovolume (B) Live/Dead cell ratio (C) bio-volume inhibition, and (D) survival of mice. Values

were measured each of the 10 catheters and represented the as averages. All experiments in A–E were performed as three biologically independent

experiments, and the mean G s.d. is shown. p values were determined using an unpaired, two-tailed Student’s t test.
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with Ca-EDTA and ceftazidime–avibactam or aztreonam caused an improvement in the survival rate and

reduced the bacterial lung load.Moreover, intravenous and subcutaneous administration of Ca-EDTA and an-

tibiotics produced similar effects, suggesting suitable penetration of the chelator into the tissues and biofilm

matrix. Further investigation of Ca-EDTA co therapy with ceftazidime–avibactam or aztreonam against infec-

tions by CPKp, including pharmacokinetic and safety profiles, is warranted.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:
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d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Strains and growth conditions
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ure 4. Confocal images of in vivo catheter biofilm

focal imaging analysis (3D) z axis image stack visualizing (40x magnification) of (A) aztreonam (16 mg/mL), (B) ceftazidime/avibactam (1 mg/mL) (16 mg/mL),

ceftazidime-avibactam + aztreonem (16/16 mg/mL), (D) Ca-EDTA (24 mg/mL), (E) aztreonam -Ca-EDTA (4/12 mg/mL) and (F) ceftazidime/avibactam- Ca-EDTA

g/mL + 12mg/mL) on carbapenemase-producing K. pneumoniae clinical isolates (n = 7) catheter biofilm infection model in vivo.One catheter was selected from

10 catheters after confocal scanning in each treatment group for visualization purposes and live bacteria were stained green and dead bacteria were stained red.
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Figure 5. Effects of Ca-EDTA, aztreonam and ceftazidime/avibactam and their combination on bacteremia

Effects of PBS (control), aztreonam (700 mg/kg), ceftazidime/avibactam (375 mg/kg), ceftazidime-avibactam + aztreonam

(375 mg/kg + 700 mg/kg), Ca-EDTA (80 mg/kg/day), aztreonam -Ca-EDTA (700 mg/kg + 80 mg/kg/day) and ceftazidime/

avibactam- Ca-EDTA (375 mg/kg + 80 mg/kg/day) on carbapenemase-producing K. pneumoniae clinical isolates (n = 7)

mouse bacteremia infection model (A) illustration of a mouse model, (B) bacterial load in internal organs, (C) survival of

mice. p values were determined using a two-sided Mann–Whitney U-test. All data were presented as means G s.d.
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Figure 6. Effects of Ca-EDTA, aztreonam and ceftazidime/avibactam and their combination on pneumonia

Effects of PBS (control), aztreonam (700 mg/kg), ceftazidime/avibactam (375 mg/kg), ceftazidime-avibactam + aztreonam

(375 mg/kg + 700 mg/kg), Ca-EDTA (80 mg/kg/day), aztreonam -Ca-EDTA (700 mg/kg + 80 mg/kg/day) and ceftazidime/

avibactam- Ca-EDTA (375 mg/kg + 80 mg/kg/day) on carbapenemase-producing K. pneumoniae clinical isolates (n = 7)

mouse lung infection model (A) illustration of a mouse model, (B) bacterial load in internal organs, (C) survival of mice.

p values were determined using a two-sided Mann–Whitney U-test. All data were presented as means G s.d.
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tions on in vivo virulence gene expression

B Confocal laser scanning microscopy (CLSM) analysis
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Figure 7. Effects of Ca-EDTA, aztreonam and ceftazidime/avibactam and their combination on thigh infection

Effects of PBS (control), aztreonam (700 mg/kg), ceftazidime/avibactam (375 mg/kg), ceftazidime-avibactam + Aztreonam (375 mg/kg + 700 mg/kg), Ca-

EDTA (80 mg/kg/day), aztreonam -Ca-EDTA (700 mg/kg + 80 mg/kg/day) and ceftazidime/avibactam- Ca-EDTA (375 mg/kg + 80 mg/kg/day) on

carbapenemase-producing K. pneumoniae clinical isolates (n = 7) mouse thigh infection model (A) illustration of a mouse model, (B) bacterial load in thigh,

(C) serum creatinine of mice (D) relative expression of virulence genes. p values were determined using a two-sided Mann–Whitney U-test. All data were

presented as means G s.d.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli ATCC 25922 ATCC 25922

P. aeruginosa ATCC 27853 ATCC 27853

Chemicals, peptides, and recombinant proteins

Imipenem Sigma Aldrich 10160

Meropenem Sigma Aldrich M2574

Ertapenem Sigma Aldrich SML1238

Doripenem Sigma Aldrich SML1220

Ceftazidime–avibactam GlaxoSmithKline AVYCAZ

Aztreonam Thermo Fisher Scientific J62887.03

Phosphate-buffered saline Thermo Fisher Scientific 003002

Müller–Hinton agar Sigma Aldrich 70191

Müller–Hinton II broth Sigma Aldrich 90922

Ca-EDTA Sigma Aldrich 304695-78-1

Porcine mucin Sigma Aldrich 84082-64-4

Dexamethasone Thermo Fisher Scientific A17590.03

Ketamine Sigma Aldrich K-113

Isoflurane Sigma Aldrich 792632

Fetal bovine serum Gibco�; Waltham, MA 1962

Chlorhexidine Thermo Fisher Scientific 214980050

Ampicillin sodium powder Fisher BioReagents� BP1760-5

Iodine isopropanol Sigma-Aldrich 148938

Ethyl alcohol Thermo Fisher Scientific 224095000

SYBR� Green Thermo Fisher Scientific S7563

Critical commercial assays

PrestoBlue� HS Cell Viability Reagent Thermo Fisher Scientific P50200

Live/Dead Bacterial Viability kit Thermo Fisher Scientific L7007

GeneJET RNA Purification Kit Thermo Fisher Scientific K0731

STET lysing solution BD Bioscience 349202

qScript� cDNA Synthesis Kit QuantaBio 101414-100

Experimental models: Organisms/strains

C57BL/6 mice Nomura Siam International (Bangkok,

Thailand)

https://nomura-siam.com/en/

Oligonucleotides

16srRNA - for AGAGTTTGATCCTGGCTCAG

16srRNA - rev GGTTACCTTGTTACGACTT

Daikos et al.6 Daikos et al.6

16srRNA – for AGAGTTTGATCCTGGCTCAG

16srRNA – rev GGTTACCTTGTTACGACTT

Wannigama et al.29/Vuotto et al.30 Wannigama et al.29/Vuotto et al.30

kfu – for GGCCTTTGTCCAGAGCTACG

kfu – rev GGGTCTGGCGCAGAGTATGC

Wannigama et al.29/Vuotto et al.30 Wannigama et al.29/Vuotto et al.30

ybtS – for GACGGAAACAGCACGGTAAA

ybtS- rev GAGCATAATAAGGCGAAAGA

Wannigama et al.29/Vuotto et al.30 Wannigama et al.29/Vuotto et al.30

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

mrkD – for AAGCTATCGCTGTACTTCCGGCA

mrkD – revGGCGTTGGCGCTCAGATAGG

Wannigama et al.29/Vuotto et al.30 Wannigama et al.29/Vuotto et al.30

luxS – for AGTGATGCCGGAACGCGG

luxS – rev CGGTGTACCAATCAGGCTC

Wannigama et al.29/Vuotto et al.30 Wannigama et al.29/Vuotto et al.30

ompK35 – for

GCAATATTCTGGCAGTGGTGATC

ompK35 – rev

ACCATTTTTCCATAGAAGTCCAGT

Wannigama et al.29/Vuotto et al.30 Wannigama et al.29/Vuotto et al.30

ompK36 – for TTAAAGTACTGTCCCTCCTGG

ompK36 – rev

TCAGAGAAGTAGTGCAGACCGTCA

Wannigama et al.29/Vuotto et al.30 Wannigama et al.29/Vuotto et al.30

uge – for TCTTCACGCCTTCCTTCACT

uge – rev GATCATCCGGTCTCCCTGTA

Wannigama et al.29/Vuotto et al.30 Wannigama et al.29/Vuotto et al.30

wabG- for ACCATCGGCCATTTGATAGA

wabG – rev CGGACTGGCAGATCCATATC

Wannigama et al.29/Vuotto. et al.30 Wannigama et al.29/Vuotto et al.30

Software and algorithms

ggplot2 3.3.5 R software package https://www.r-project.org

PHLIP software https://sourceforge.net/projects/phlip/

MATLAB https://www.mathworks.com/products/

matlab.html

Other

25-mm catheters NIPRO www.nipro.co.jp
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, raw data, and code should be directed to and will be ful-

filled by the lead contact, Dhammika Leshan Wannigama (Dhammika.L@chula.ac.th).
Materials availability

The authors confirm that no new reagents were generated in the study.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

Data were visualized using the ggplot2 3.3.5, packages of R program version 4.1.0.31

All statistical analyses were conducted using the R statistical package.32 Data were compared by using

either an unpaired two-tailed Student’s t test or unpaired two-tailedMann–Whitney U test. All data are pre-

sented as the mean G SD. Differences were considered significant when p < 0.05.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Strains and growth conditions

Without any preference for particular strains, anonymized clinical isolates of CPKp were obtained from a

repository held at the Department of Microbiology, King Chulalongkorn Memorial Hospital, after conven-

tional characterization and identification, including 16S rRNA and bla sequencing as described for previous

studies.4,7,9,16 Strains had been isolated from 29 infected patients during the course of their standard care

for reasons unrelated to the present study. The bacterial isolates were cultured on Müller–Hinton agar
20 iScience 26, 107215, July 21, 2023
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plates at 37�C and cryopreserved at�80�C in tryptic soy broth with 15% (v/v) glycerol until their subsequent

use in these studies.
Mouse study

After the IACUC of the Faculty of Medicine, Chulalongkorn University approved the procedures to be per-

formed in the present study, we obtained specific-pathogen free, 8-week-old, female C57BL/6 mice from

Nomura Siam International (Bangkok, Thailand). The mice were allowed to acclimatize for 1 week in the uni-

versity animal facility at a maximum of 2 mice per cage before use and were allowed food and water ad

libitum. The mice were each weighed, and their health and welfare were monitored closely to determine

humane clinical endpoints and for any signs of distress over the experimental period. For all the mouse ex-

periments, we used 7 representative carbapenemase-producing K. pneumoniae clinical isolates (U17; IMP/

IMP-14a, U27; NDM/NDM-1, 503; OXA-48/OXA-181, 454; OXA-48+NDM/OXA-181+NDM-5, 500; OXA-48/

OXA-232, 628; OXA-48+NDM/OXA-232+NDM-1, 633; OXA-48/OXA-48) randomly selected from among

the 29 isolates to represent 7 gene pattern groups, as shown in the Table 2. We culture seven representa-

tive isolates individually, and then combine them into a single culture for inoculating the mice.
Catheter-related biofilm infection mouse model

A murine model of catheter-related infection in vivo was used as previously described9,33 (Figure 5A). In

brief, mice were immunosuppressed by subcutaneous administration of dexamethasone at a single

dose of 0.25 mg kg�1 daily for three days before implanting a catheter, which was maintained in the

mice throughout the study. The mice were euthanized under isoflurane anesthesia by removing organs,

and samples (blood, heart, lungs, spleen, kidneys, catheters, and tissues surrounding the catheter) were

harvested aseptically.
Effects of aztreonam, ceftazidime/avibactam, Ca-EDTA and combinations lock therapy on

catheter-related biofilm infection mouse model

We divided 70 mice without selection into a control (no therapy) group and experimental (therapy) groups,

including 6 subgroups for a total of 7 groups with 10 mice in each group (Figure 3A). The implanted cath-

eters with catheter-related biofilm infections of CPKp (n = 7) were exposed to phosphate-buffered saline

(PBS) (control), Ca-EDTA (24 mg mL�1), ceftazidime–avibactam (1 mg mL�1; 16 mg mL), aztreonam (16 mg

mL�1), ceftazidime–avibactam + aztreonam (16 mg mL�1 + 16 mg mL�1), Ca-EDTA + ceftazidime–

avibactam (12 mgmL�1 + 4 mgmL�1) and Ca-EDTA + aztreonam (12 mgmL�1 + 4mgmL�1) After treatment

for 24 h, catheters were removed under aseptically, and the treatment efficacy for the various groups was

analyzed by confocal laser scanning microscopy (biomass, live/dead ratio, and biovolume inhibition) and

bacterial counting.9,34 The experimental endpoint was defined as 10 days post-infection for mice not reach-

ing the clinical endpoint. Mice were also euthanized at various time points post-infection by cervical dislo-

cation under isoflurane anesthesia to determine viable cell counts (CFU mL�1) in the catheters after each

treatment.18
In vivo murine bacteremia model

To establish CPKp-associated bacteraemia in vivo, a previously described murine model of bacteraemia

obtained through intraperitoneal inoculation of CPKp (n = 7) was used (Figure 5A).7,27,35 Immunocompe-

tent mice were inoculated intraperitoneally with 13 106 CFU of a bacterial suspension with 5% (v/v) porcine

mucin (Sigma‒Aldrich), and murine CPKp-associated bacteraemia was allowed to develop for 1 h.7,27,35 To

evaluate the effects of Ca-EDTA, ceftazidime–avibactam, aztreonam, and their combinations in vivo, in-

fected mice were administered a single intraperitoneal dose of PBS (control), Ca-EDTA (80 mg kg�1),

ceftazidime–avibactam (375 mg kg�1), aztreonam (700 mg kg�1), ceftazidime–avibactam + aztreonam

(375 mg kg�1 + 700 mg kg�1), Ca-EDTA + ceftazidime–avibactam (80 mg kg�1 + 375 mg kg�1), or Ca-

EDTA + aztreonam (80 mg kg�1 + 700 mg kg�1), for a total of 7 groups with 10 mice in each group. All

mice were euthanized at 14 h post-infection. Peritoneal fluid was sampled by injecting 2 mL sterile saline

solution into the peritoneum, followed by gentle massage and aspiration. Peritoneal samples were then

serially diluted and plated on nutrient agar to determine the bacterial load. For survival analysis, the

same treatment was repeated once daily, and the survival of mice was monitored until a humane clinical

or experimental endpoint was reached. The clinical endpoint was determined using a 5-point body condi-

tion score, analyzing weight loss, decreased body temperature, respiratory distress, hampered mobility,
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and hunched posture. The experimental endpoint was defined as 10 days post-infection for mice not reach-

ing the clinical endpoint.
Murine model of lung infection

To produce a murine model of acute lung infection, CPKp (n = 7) cultured overnight were diluted to an OD

of 600 nm of 0.5 in sterile saline (Figure 6A).17,36 Immunocompetent mice were anesthetized with an intra-

peritoneal injection of ketamine (50 mg mL�1) in sterile saline. We intranasally instilled 1.0 3 107 CFU bac-

teria suspended planktonically in 50 mL of sterile saline into the lungs of the mice. Therapies were initiated

2 h after the induction of pneumonia. To determine the effects in vivo of Ca-EDTA, ceftazidime–avibactam,

aztreonam, and their combinations, infectedmice were given a single intraperitoneal dose of PBS (control),

Ca-EDTA (80 mg kg�1), ceftazidime–avibactam (375 mg/kg), aztreonam (700 mg/kg), ceftazidime–

avibactam+ aztreonam (375mg/kg + 700mg/kg), Ca-EDTA+ ceftazidime–avibactam (80mg/kg/day +375-

mg/kg�1), or Ca-EDTA + aztreonam (80 mg kg�1 + 700mg kg�1), for a total of 7 groups with 10 mice in each

group. For the survival analysis, the same treatment procedure was repeated once daily, and the survival of

mice was monitored until the humane clinical or experimental endpoint was reached. The clinical and

experimental endpoints were as described above for the model of bacteraemia.
Mouse thigh infection model

We investigated the effects of Ca-EDTA, ceftazidime–avibactam, aztreonam, and their combinations

against representative CPKp strains (n = 7) in a murine model of neutropenic thigh infection described pre-

viously (Figure 7A).27,37 Mice were immunosuppressed by subcutaneous administration of dexamethasone

at 0.25 mg kg�1 once a day for 3 days before infection. Bacteria adjusted to a concentration of approxi-

mately 1 3 106 CFU per infection site and suspended in sterile saline were injected into the right

and left thighs of 5 mice per treatment group. At 1 h post-infection, mice received either PBS (control),

Ca-EDTA (80 mg kg�1), ceftazidime–avibactam (375 mg/kg), aztreonam (700 mg/kg), ceftazidime–

avibactam+ aztreonam (375mg/kg + 700mg/kg), Ca-EDTA+ ceftazidime–avibactam (80mg/kg/day +375-

mg/kg�1), or Ca-EDTA + aztreonam (80 mg kg�1 + 700 mg kg�1). At 8 h post-infection, mice were eutha-

nized under isoflurane anesthesia, and their thigh tissue was collected aseptically, weighed, homogenized,

diluted serially in PBS, and plated onto solid Luria–Bertani medium (50 mg mL�1). Plates were incubated

overnight at 37�C, and colonies were quantified to determine bacterial load. Serum creatinine levels of

mice in each treatment group were measured as described previously.9,38
METHOD DETAILS

Antimicrobial agents

Imipenem, meropenem, ertapenem, doripenem, ceftazidime–avibactam, aztreonam, and Ca-EDTA

(Sigma‒Aldrich) were used to prepare stock solutions <24 h before use. All agents were dissolved in

cation-adjusted Müller–Hinton II broth (MHIIB) (Sigma‒Aldrich), and the solutions were sterilized through

a syringe filter with amembrane nominal pore size of 0.22 mm. Serial dilutions of the antibiotic and Ca-EDTA

stocks were prepared in MHIIB immediately before use.
Susceptibilities to aztreonam, ceftazidime/avibactam, and Ca-EDTA

We established the susceptibility of planktonic cultures of the various strains to antibiotics using standard

techniques (broth microdilution to determine minimal inhibitory concentrations, MICs) according to the

European Committee on Antimicrobial Susceptibility Testing (EUCAST criteria for Enterobacteriaceae

only)39 and U.S. Clinical and Laboratory Standards Institute (CLSI) guidelines.40 We used E. coli ATCC

25922 and P. aeruginosa ATCC 27853 for quality control. Susceptibility testing was performed for all 29

isolates.
Synergistic activity

We screened the synergistic activity for all 29 isolates with Ca-EDTA, ceftazidime–avibactam, aztreonam,

and their combinations against planktonic cultures of CPKp clinical isolates using a checkerboard assay.

Synergism was interpreted as follows: fractional inhibitory concentration index (FICI) % 0.5, synergy;

0.5 > FICI %1, additive; 1 > FIC index %4, no interaction; and FICI >4, antagonism.15
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Time-kill assay

The antimicrobial activities of Ca-EDTA + ceftazidime–avibactam + or Ca-EDTA + aztreonam combina-

tions that showed synergistic action toward planktonic cultures of 29 CPKp isolates were confirmed using

time–kill assays. Bacteria were cultured with no agent, each agent, or combined agents. We then assessed

the viability of bacteria after incubating for 0, 2, 4, 6, 8, 12, and 24 h by counting the number of colonies on

solid media to determine the number of colony-forming units (CFU) mL�1. A R2 log10 decrease in CFU

mL�1 with combined agents compared with single agents was interpreted as synergism; bactericidal activ-

ity was defined as aR3 log10 decrease in CFU mL�1 when compared with the number of viable bacteria at

the initial time point of 0.15

Quantification of biofilm

Wequantified biofilm using a crystal violet assay as previously described41–43 with all 29 isolates. In brief, we

standardized an overnight culture of the strain of interest to an optical density (OD) of 0.02 at 600 nm (5 3

107 CFU mL�1), added 100 mL aliquots in triplicate to flat-bottomed 96-well polystyrene microtiter plates,

and incubated these cultures in the plates at 37�C for 24 h. Subsequently, we fixed the adherent biofilms

with crystal violet (0.1%) and then released the dye with 30% (v/v) acetic acid. We measured the resulting

absorbance at 560 nm using a microtiter-plate-reading spectrophotometer. All experiments were per-

formed in triplicate and repeated three times.

Effects of aztreonam, ceftazidime/avibactam, Ca-EDTA, and combinations for eradication of

in vitro biofilms

We determined the minimum biofilm eradication concentrations (MBECs) of Ca-EDTA, ceftazidime–

avibactam, aztreonam, and their combinations on 24 h biofilms of CPKp (n = 29) in vitro as described pre-

viously.42–44 Treatments covered Ca-EDTA alone or combined with single or multiple agents at 37�C for 6,

12, 24, and 48 h. We determined the effects of eradication on biofilm biovolume and cell viability using crys-

tal violet and PrestoBlue assays in vitro, as described previously.29,42,43

Effect of single and combination of aztreonam, ceftazidime/avibactam, Ca-EDTA, and

combinations on in vivo virulence gene expression

The expression level of virulence factors related genes (kfu luxS, mrkD, ompK35, ompK36, uge, wabG and

ybtS) were determined with Quantitative RT-PCR (qRT-PCR) using the specific primers as described previ-

ously.30,45 All primers are listed in key resources table.

Total mRNA were extracted from thigh tissues of control and experimental groups of in vivo mouse thigh

infection model that were challenged with various treatments for 8 h. All samples are analyzed in triplicate.

Using the housekeeping gene - 16srRNA for normalization, the relative quantification of gene expression

for each treatment group was computed using the DDCT (CT is threshold cycle) method to evaluate and

compare fold change differences.

Confocal laser scanning microscopy (CLSM) analysis

To conduct the CLSM analysis, we carefully removed supernatants and subsequently stained the biofilms

using a Live/Dead Bacterial Viability kit (Invitrogen) according to the protocols specified by the manufac-

turer. We used PHLIP, a MATLAB-based tool (without connected volume filtration), to calculate descriptive

parameters for biofilms (including biovolume, substratum coverage, area-to-volume ratio, spatial

spreading, and 3D colocalization) from the integrated total of each slice of a threshold z stack as described

previously.42,43,46 We used the ‘‘colocalization in 3D00 value and the parameters ‘‘red,’’ ‘‘green,’’ and ‘‘total

biovolume’’ (in mm3) generated by the PHLIP software to calculate the various proportions of green (live

bacteria) and red and yellow/colocalized (dead bacteria) biovolumes from the stacks analyzed.42,43,46 A

biofilm was considered affected by Ca-EDTA, an antibiotic, or their combination when there was a constant

increase in the red + yellow (RY) biovolume fraction within the given antibiotic concentration range. This

fraction is at least 80% of the total biovolume.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted using the R statistical package.32 Data were compared by using

either an unpaired two-tailed Student’s t test or unpaired two-tailedMann–Whitney U test. All data are pre-

sented as the mean G SD. Differences were considered significant when p < 0.05.
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