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ABSTRACT: For all bacteria, nearly every antimicrobial fails since
a subpopulation of the bacteria enter a dormant state known as
persistence, in which the antimicrobials are rendered ineffective due
to the lack of metabolism. This tolerance to antibiotics makes
microbial infections the leading cause of death worldwide and
makes treating chronic infections, including those of wounds
problematic. Here, we show that the FDA-approved anti-cancer
drug cisplatin [cis-diamminodichloroplatinum(II)], which mainly
forms intra-strand DNA crosslinks, eradicates Escherichia coli K-12
persister cells through a growth-independent mechanism. Addi-
tionally, cisplatin is more effective at killing Pseudomonas
aeruginosa persister cells than mitomycin C, which forms inter-
strand DNA crosslinks, and cisplatin eradicates the persister cells of
several pathogens including enterohemorrhagic E. coli, Staphylo-
coccus aureus, and P. aeruginosa. Cisplatin was also highly effective
against clinical isolates of S. aureus and P. aeruginosa. Therefore,
cisplatin has broad spectrum activity against persister cells.
Biotechnol. Bioeng. 2016;113: 1984–1992.
� 2016 Wiley Periodicals, Inc.
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Introduction

Bacterial infections are the leading cause of death (Rasko and
Sperandio, 2010); for example, there are 17 million new biofilm

infections every year in the U.S.A., which lead to 550,000 fatalities
(Wolcott and Dowd, 2011). Current antibiotics are becoming
increasingly ineffective due to extensive bacterial resistance and
also since a subpopulation of bacterial cells in these bacterial
infections become dormant (Kwan et al., 2013; Lewis, 2007; Wood
et al., 2013) and escape the antibiotic treatment; these cells are
known as persisters and grow after the course of antibiotics and re-
establish the infection (Fauvart et al., 2011). Hence, there is an
urgent need to develop new antimicrobials that target persister cells
in order to eliminate bacterial infections.

We recently discovered that mitomycin C (MMC) is effective in
killing a broad-range of bacterial persister cells including those
formed in biofilms and wounds (Kwan et al., 2015). MMC is
produced by Streptomyces caespitosus (Tomasz, 1995) and is an
FDA-approved drug that has previously been used to treat breast,
lung, and prostate cancer (Bradner, 2001). MMC crosslinks the
neighboring guanine bases on different DNA strands as a result of
the sequence 50-CG (Tomasz, 1995); critically, MMC crosslinks the
DNA of persister cells (Kwan et al., 2015). Corroborating this initial
success, MMC has also been shown to be effective against persister
cells of the spirochete Borrelia burgdorferi, the causative agent of
Lyme disease (Sharma et al., 2015).

Cisplatin (cis-diamminodichloroplatinum(II), Fig. 1 inset) is also
an FDA-approved drug that has been used to treat testicular,
ovarian, bladder and head and neck cancers (Eastman, 1987). The
biological effects of complexes of platinum were found serendipi-
tously in 1965 in an electrophoresis study where platinum from an
electrode was found to inhibit cell division and increase Escherichia
coli cell length by as much as 300 fold (Rosenberg et al., 1965). Like
MMC, cisplatin crosslinks DNA but the crosslinks occur primarily
on the same strand of DNA with intra-strand crosslinks between
purines at adjacent guanines (54–65%), at AG sequences (17–19%),
and at GNG sequences where N can be any nucleotide (<8%)
(Eastman, 1987). Therefore, because of its potent crosslinking
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activity, we reasoned that cisplatin may have activity toward
bacterial persister cells.
We found that cisplatin is effective against persister cells in a

broad range of bacteria including commensal E. coli K-12 as well as
pathogenic strains of E. coli, Staphylococcus aureus (frequently
found in wounds), and Pseudomonas aeruginosa (including clinical,
multi-drug resistant strains). We also demonstrate that cisplatin
eradicates persister cells more effectively than MMC. Therefore,
cisplatin has broad-spectrum activity against growing, non-

growing, and persister cells, and has potential for use in the
treatment of recalcitrant infections.

Materials and Methods

Bacterial Strains and Growth Media

The bacterial strains and plasmids used are listed in Table I.
Bacterial strains were grown at 37�C with shaking at 250 rpm. E. coli
and P. aeruginosa were grown in lysogeny broth (LB) (Sambrook
et al., 1989) at pH 6.9 or M9-glucose (0.4%) at pH 7.0 (Rodriguez
and Tait, 1983), and S. aureus was grown in tryptic soy broth (TSB)
at pH 6.8. Kanamycin was added at 50mg/mL for the E. coli isogenic
mutants and 15mg/mL gentamicin was used for the P. aeruginosa
isogenic mutants.
Stocks of cisplatin (2mg/mL, Sigma–Aldrich, St. Louis, MO) were

prepared in 0.1M of sodium perchlorate (NaClO4) (Chvalova et al.,
2007) and MMC (0.5mg/mL, Fisher Scientific, Pittsburgh, PA) was
prepared in water. Stocks of busulfan (2mg/mL, Cayman Chemical,
Ann Arbor, MI), melphalan (2mg/mL, Cayman Chemical), dynemicin
A (5mg/mL, AdooQ, Irvine, CA), and tirapazamine (0.5mg/mL,
Sigma–Aldrich) were prepared in dimethylsulfoxide (DMSO), the
stock of cyclophosphamide (0.5mg/mL, Cayman Chemical) was
prepared in water, and the stock of carmustine (214mg/mL, Enzo Life
Sciences, Farmingdale, NY) was prepared in ethanol.

Minimum Inhibitory Concentration (MIC) Assay

To determine the MICs of cisplatin for E. coli K-12, enter-
ohemorrhagic E. coli (EHEC), S. aureus, and P. aeruginosa (PAO1
and PA14), freshly inoculated cultures (at least two independent
cultures) in buffered LB (TSB for S. aureus) were incubated for 16 h
with varying concentrations of cisplatin, and growth inhibition was
assayed by the lack of turbidity.

Figure 1. Cisplatin eradicates late stationary-phase E. coli K-12 cells. Time course

dependent killing of late-stationary phase (16 h of growth) cells of wild-type E. coli K-12

in buffered LB by ciprofloxacin (5mg/mL, 100� MIC, green line) and cisplatin (500mg/

mL, 5� MIC, red line). Killing with cisplatin (500mg/mL) for two isogenic catalase

mutants DkatE (black line) and DkatG (blue line) is also indicated. The structure of

cisplatin is shown as an inset.

Table I. Bacterial strains and plasmids used in this study.

Strain Genotype Source

E. coli K-12 BW25113 rrnB3 DlacZ4787 hsdR514 D(araBAD)567 D(rhaBAD)568 rph-1 Baba et al. (2006)
E. coli K-12 BW25113 DkatE BW25113 DkatEVKmR Baba et al. (2006)
E. coli K-12 BW25113 DkatG BW25113 DkatGVKmR Baba et al. (2006)
EHEC 86-24 EHEC O157:H7 Stx2þ Sperandio et al. (2001)
S. aureus ATCC29213 Antibiotic-susceptible reference strain ATCC
S. aureus 5B Clinical isolate from diabetic food Cervantes-Garcia et al. (2015)
S. aureus 50F Clinical isolate from diabetic food Cervantes-Garcia et al. (2015)
P. aeruginosa PAO1 Wild-type strain Jacobs et al. (2003)
P. aeruginosa PA14 Clinical isolate Liberati et al. (2006)
PA14 DtpbA (PA3885) PA14_13660 V Mar2xT7, GmR Liberati et al. (2006)
PA14 DkatA (PA4236) PA14_09150 V Mar2xT7, GmR Liberati et al. (2006)
P. aeruginosa RME-101a Clinical isolate Adult pneumonia patient
P. aeruginosa INP-37 Clinical isolate Pediatric cystic fibrosis patient
P. aeruginosa INP-57M Clinical isolate Pediatric cystic fibrosis patient
P. aeruginosa INP-64b Clinical isolate Pediatric cystic fibrosis patient

KmR, Kanamycin resistance; GmR, Gentamicin resistance.
aResistant to 18 antibiotics: carbenicillin, ticarcillin, piperacillin, ticarcillin/clavulanic acid, piperacillin/tazobactam, ceftazidime, ceftriaxone, cefotaxime, cefepime,

imipenem, meropenem, aztreonam, amikacin, gentamicin, tobramycin, ciprofloxacin, norfloxacin, and levofloxacin.
bResistant to 12 antibiotics: carbenicillin, ticarcillin, piperacillin, ticarcillin/clavulanic acid, ceftazidime, ceftriaxone, cefotaxime, cefepime, meropenem, ciprofloxacin,

lomefloxacin, and levofloxacin.
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Persister Cell Killing and Eradication Assays (Planktonic
Cells)

For the time course experiment, late stationary phase cells of E. coli
K-12 (wild-type and isogenic mutants) were prepared by growing
cells overnight (16 h) in LB medium buffered with 100mM KPO4
at pH 7.0 (buffered LB). A 1mL culture was used for a drop
(10mL� 3) assay (Donegan et al., 1991) to check cell viability at 0 h
(i.e., before antibiotic treatment). An 18mL culture was treated
with ciprofloxacin (5mg/mL, for the wild-type strain) and cisplatin
(500mg/mL) for 8 h (250mL flask, 250 rpm). The concentrations of
ciprofloxacin and cisplatin were at least 5� MIC to minimize
survival of potential spontaneous resistant mutants. At 1 h intervals,
1 mL culture was centrifuged at 10,000 rpm for 3min, the
supernatant was discarded, the cells were resuspended in 1mL
of normal saline (0.85% NaCl), and the cell suspension was serially
diluted for a drop assay to check cell viability. Experiments were
performed with at least two independent cultures.

To test for eradication, the wild-type E. coli K-12 cells were
treated with cisplatin for 12 h, a 1mL sample was centrifuged, the
cell pellet was resuspended in 150mL of normal saline, and the cells
were spread on LB agar to check cell viability. Another 1mL culture
was diluted 1:10 with fresh buffered LB and the cells were incubated
to allow any remaining cells to replicate. After 12 h, 18 h, and 24 h,
1 mL samples were centrifuged, resuspended in 150mL of normal
saline and spread on LB agar plates to check cell viability. At least
two independent cultures were used.

Rifampicin-pretreatment was used to convert nearly all the E. coli
exponentially growing cells to persister cells (Kwan et al., 2013). In
brief, overnight cultures (16 h) ofE. coliBW25113were diluted 1:1000
in buffered LB and grown to a turbidity of 0.8 at 600 nm (250mL
flask, 250 rpm). Cultures were treated with rifampicin (100mg/mL)
for 30min (250mL flask, 250 rpm), centrifuged, and resuspended in
fresh medium to remove the rifampicin. A 1mL culture was used for
a drop assay to check cell viability at 0 h. A 5mL culture was treated
with ciprofloxacin (5mg/mL), cisplatin (500mg/mL) or equivalent
amount of 0.1M NaClO4 (as a solvent control for cisplatin) for 3 h
(125mL flask, 250 rpm). After 3 h, 1mL of culture was centrifuged at
10,000 rpm for 3min, the supernatant was discarded, the cells were
resuspended in 1mL of normal saline, and the cell suspension was
serially diluted for a drop assay to check cell viability. In addition,
1mL samples were centrifuged, and the cell pellet resuspended in
150mL of normal saline and spread on LB agar. Experiments were
performed with at least two independent cultures.

To test whether lower concentrations than 500mg/mL of cisplatin
generate resistant mutants, 5 mL cultures of rifampicin-induced
persister cells were treated with 200mg/mL of cisplatin and cells
were enumerated by the drop assay using LB agar, LB agar with
200mg/mL of cisplatin (LBCP200), and LB agar with 500mg/mL of
cisplatin (LBCP500). Experiments were performed with at least two
independent cultures.

For the persister cell assay of the pathogens, stationary-phase
cells were used. Cultures of EHEC, P. aeruginosa, and S. aureus
were prepared by a 1:1000 dilution of overnight grown cultures (LB
medium for EHEC and P. aeruginosa, TSB for S. aureus) into fresh
buffered LB medium for EHEC, M9-glucose for P. aeruginosa, and
TSB for S. aureus and re-growing the cells to a turbidity of 3–4 at

600 nm for EHEC and S. aureus and growing for 24 h for P. aeruginosa.
Stationary-phase cultures of EHEC (buffered LB medium),
P. aeruginosa (M9-glucose medium), and S. aureus (TSB medium)
were then treated with cisplatin (500mg/mL for EHEC and S. aureus,
250mg/mL for P. aeruginosa) for 3 h (250mL flask, 250 rpm).

To compare the killing efficiency of cisplatin with MMC,
stationary-phase cells of P. aeruginosa PA14 in M9-glucose (24 h)
were treated with 1� and 5� MIC of cisplatin (50 and 250mg/mL,
respectively) or 1� and 5� MIC of MMC (2 and 10mg/mL,
respectively) for 3 h. NaClO4 (0.1M) was used as a solvent control.
The viability of the cells was determined before and after cisplatin
and MMC treatment. At least two independent cultures of each
strain were used in each experiment.

Persister Cell Killing Assay (Biofilm Cells)

Overnight (16 h) grown cultures in LB were diluted to a turbidity of
0.05 at 600 nm in M9-glucose and cultures were grown for 24 h at
37�C in 96-well plates (250mL/well). Biofilm formation was assayed
using the crystal violet staining method (Fletcher, 1977) and was
normalized by planktonic cell growth (turbidity at 620 nm) to
account for any differences in growth rates. Data were averaged
from 6 replicate wells using at least two independent cultures.
Biofilm cultures were treated for 3 h with 1� and 5� MIC of MMC
(2 and 10mg/mL, respectively) and 1� and 5� MIC cisplatin
(50 and 250mg/mL, respectively). NaClO4 (0.1M) was used as a
solvent control for cisplatin. Cell viability in biofilms was assayed
before and after the MMC and cisplatin treatments by removing
supernatants (planktonic cells) from each well carefully, resuspend-
ing the biofilm in normal saline, and sonicating twice at 3W for 10 s
(Ueda and Wood, 2009) to break apart the biofilm cells (due to the
aggregative nature of P. aeruginosa DtpbA cells). Suspensions from
multiple wells were combined to get an averaged sample. Then the
cell suspensions were serially diluted in normal saline for a drop
assay to check cell viability. Experiments were performed with at
least two independent cultures.

Validation of Persisters

To validate that the persister cells are tolerant to antibiotics, not
spontaneous resistant mutants, three rounds of the persister assay
were performed. Overnight (16 h) cultures of E. coli BW25113 were
diluted 1:1000 with fresh buffered LB and grown to a turbidity of
�0.8 at 600 nm. A 1mL culture was used for the drop assay, and a
5mL culture was treated with ciprofloxacin (5mg/mL) and
ampicillin (100mg/mL) for 3 h (125mL flask, 250 rpm). After
the first round of antibiotic treatment, a 1mL sample was
centrifuged at 10,000 rpm for 3min, and the cells were resuspended
in 1mL of normal saline. A 100mL of cell suspension was used for
the drop assay on both LB and LB with 5mg/mL of ciprofloxacin
(LBCipro5) agar (for ciprofloxacin treated samples) or LB with
100mg/mL of ampicillin (LBAmp100) agar (for ampicillin treated
samples). For the second and third rounds, cell suspensions were
diluted 1:100 with fresh buffered LB and regrown to a turbidity of
�0.8 at 600 nm and used for antibiotic treatment followed by the
drop assay. Experiments were performed with at least two
independent cultures.
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Results

Cisplatin Eradicates E. coli K-12 Persister Cells

Based on our success in killing persister cells with the DNA
crosslinking agent MMC (Kwan et al., 2015), we tested seven other
DNA crosslinking compounds: busulfan (100mg/mL) (Frei and
Holland, 2003), carmustine (100mg/mL) (Frei and Holland, 2003),
cisplatin (100mg/mL) (Chvalova et al., 2007; Eastman, 1987),
cyclophosphamide (100mg/mL) (Frei and Holland, 2003), dynemi-
cin A (200mg/mL) (Konishi et al., 1989), melphalan (100mg/mL)
(Frei and Holland, 2003), and tirapazamine (10mg/mL) (Shah et al.,
2013). Of these, only cisplatin exhibited antimicrobial activity for
E. coli K-12 cells, so we focused on this compound.
To evaluate the effectiveness of cisplatin against persister cells,

cisplatin was compared with ciprofloxacin, a fluoroquinolone which
inhibits DNA replication and kills both growing and non-growing
cells but not persister cells (Sanders, 1988) and which is commonly
used in persister studies (Conlon et al., 2013). Therefore,
throughout this work, ciprofloxacin tolerance represents the
baseline level of persistence with an effective antibiotic.
Additionally, antibiotic treatments were at least 5� the minimum
inhibitory concentration for E. coli (MIC, 100mg/mL for cisplatin,
Table II, and 0.05mg/mL for ciprofloxacin (Kwan et al., 2015) to
ensure eradication of non-persisters and tominimize the survival of
potential spontaneous resistant mutants.
Previously, we demonstrated ciprofloxacin tolerance is due to

persistence rather than spontaneous genetic resistance; hence,
ciprofloxacin tolerance is an indicator of persistence (Kwan et al.,
2015). To validate again that persister cells were generated, we
performed three rounds of the persister assay with ciprofloxacin
(100� MIC, 5mg/mL) as well as with ampicillin at 100mg/mL
(10�MIC, MIC for ampicillin is 10mg/mL, Kwan et al., 2015), since
persister cells have different tolerances to different antibiotics
(Chowdhury et al., 2016; Hofsteenge et al., 2013; Wu et al., 2015).
We found there was no significant increase in E. coli K-12 cell
viability after both ciprofloxacin or ampicillin treatments: the
survival rates for ciprofloxacin were 0.045� 0.008%, 0.03� 0.01%,
and 0.012� 0.002% after rounds 1, 2, and 3, respectively and
the survival rates for ampicillin were 0.001� 0.001%, 0.0001�
0.0000%, and 0.0001� 0.0000% after rounds 1, 2, and 3,
respectively. Moreover, no colonies were detected on either

LBCipro5 or LBAmp100 agar, which confirmed that no resistant
mutants were generated.
Initially, we tested whether cisplatin kills late stationary phase

(16 h of growth) cells of E. coli K-12 in a time course experiment,
since persister levels are high at this growth stage (Lewis, 2007). We
found that cisplatin (500mg/mL, 5� MIC) nearly eradicated these
cells; however, ciprofloxacin, at a much higher MIC (5mg/mL,
100� MIC) had little activity against the persister cells (Fig. 1).
We also tested two isogenic E. coli K-12 catalase mutants katE

(Loewen, 1984) and katG (Loewen et al., 1985) to investigate
whether cisplatin works via the production of reactive oxygen
species (ROS). We did not find any significant differences in
killing of the katE or katGmutants compared to the wild-type strain
after prolong (8 h) treatment with 5� MIC of cisplatin (Fig. 1).
Similar results were found with a catalase mutant katA (Heo et al.,
2010) of P. aeruginosa strain PA14 compared to the wild-type strain
(data not shown). Hence, reactive oxygen species do not seem to
play a role in killing by cisplatin.
We also tested whether cisplatin completely eradicates E. coli

K-12 persister cells and abolishes regrowth when cisplatin is
withdrawn. We found that treatment with 5� MIC of cisplatin for
12 h completely eradicated E. coli persister cells since there were no
colonies from 1mL of culture, and there was no increase in turbidity
or colonies (from 1mL sample) when 1mL of the cisplatin-treated
culture was used to inoculate fresh medium and the medium was
incubated for 12, 18, and 24 h.
Next, we tested cisplatin using persister cells of E. coli K-12

prepared by pretreating with rifampicin (Kwan et al., 2013). We
found that after 3 h, ciprofloxacin (5mg/mL, 100� MIC) was
unable to kill 9� 1% of the persister cells; however, cisplatin
(500mg/mL, 5� MIC) reduced the number of persister cells
below the limit of detection (100 cells/mL for drop assay) (Fig. 2A).
To investigate further the number remaining cells after the 3 h
cisplatin treatment, 1 mL samples were plated and found to
produce 37� 5 colonies; hence, the surviving fraction was
0.00001� 0.00000%. NaClO4 was used as the solvent for cisplatin
since DMSO inactivates cisplatin (Hall et al., 2014), and NaClO4 did
not show any killing effect (data not shown). Hence, cisplatin is
highly effective against E. coli persister cells.
The use of lower concentrations than 5� MIC (500mg/mL)

of cisplatin was also tested to see if this generates any
spontaneous resistant mutants. We found that treatment with 2�
MIC (200mg/mL) of cisplatin yields 0.08% survivors on LBCP200
agar plates; however, no colonies were found on LBCP500 agar plates.
To confirm that the lack of colonies on the LBCP500 agar plates was
not due to limits of detection of the drop assay (100 cells/mL), all the
colonies from the LBCP200 agar plates were streaked on LBCP500
agar plates. However, no growth was observed. Similarly, none of the
cells that survived from 3 h treatments with 5� MIC of cisplatin
(1mL spread counts) grew on LBCP500 agar plates. Therefore,
treatment with 2� and 5� MIC of cisplatin does not generate
spontaneous resistant mutants in these experiments.

Cisplatin Eradicates Pathogenic Persister Cells

Since MMC as an anticancer drug possesses broad spectrum
activity against various bacterial pathogens (Kwan et al., 2015) and

Table II. MICs for cisplatin for the bacterial strains used in this study.

Strain MIC, mg/mL

E. coli K-12 BW25113 100
EHEC 86-24 100
S. aureus ATCC29213 300
P. aeruginosa PAO1 50
P. aeruginosa PA14 50
S. aureus 5B >400
S. aureus 50F >400
P. aeruginosa RME-101 100
P. aeruginosa INP-37 400
P. aeruginosa INP-57M 400
P. aeruginosa INP-64 400
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since cisplatin is also an anticancer drug, we tested whether
cisplatin can kill diverse bacterial pathogens. We used stationary-
phase cells since persister levels are high at this growth stage
(Lewis, 2007) and conditions have not been devised yet to convert
these cells to persister cells using chemical pre-treatments as with E.
coli K-12 (Kwan et al., 2013).

We found that cisplatin (500mg/mL, 5� MIC) eradicated
stationary-phase cells of enterohemorrhagic E. coli (EHEC), a
common E. coli pathogen associated with food-borne illness in
humans (Kaper, 1998) (Fig. 2B). Cisplatin was also tested
against the Gram-negative opportunistic pathogen P. aeruginosa
PA14 (Cross et al., 1983), and cisplatin (250mg/mL, 5� MIC)
eradicated stationary-phase cells of PA14 (Fig. 2C). Similar results
were obtained using the related strain P. aeruginosa PAO1 (data
not shown). Furthermore, cisplatin at 100mg/mL (0.25� MIC or
1� MIC, Table II) nearly eradicated the persister cells of four
clinical strains of P. aeruginosa (isolated from adult pneumonia

patients and pediatric cystic fibrosis patients) which are resistant to
multiple (12–18) antibiotics (Table I), and one of them, INP-57M, is
resistant to the canonical quorum sensing quenching agent
furanone C-30 (Garcia-Contreras et al., 2015); with cisplatin, there
were 0.02� 0.03%, 0.05� 0.06%, 0.01� 0.00%, and 0.02� 0.00%
survival for strains RME-101, INP-37, INP-57M, and INP-64M,
respectively.

We also tested the effectiveness of cisplatin with a methicillin-
sensitive strain of the Gram-positive human pathogenic
bacterium S. aureus ATCC29213 (Archer et al., 2011) and two
clinical isolates from diabetic food patients (Cervantes-Garcia
et al., 2015). Cisplatin (500mg/mL, 1.7� MIC) nearly eradicated
(0.0001� 0.0001% survival) stationary phase cells of S. aureus
ATCC29213 (Fig. 2D). Similarly, the stationary-phase cells of both
clinical isolates were severely affected by 500mg/mL of cisplatin
(2.5� 3.5% survival and 10� 4% survival for the isolates 5B and
50F, respectively) and a higher concentration (800mg/ mL) was

Figure 2. Cisplatin eradicates metabolically dormant persister cells and has broad spectrum activity against diverse bacterial pathogens. (A) Cell viability of rifampicin (30min

pretreatment with 100mg/mL)-induced persister cells of E. coli K-12 in buffered LB after treatment with ciprofloxacin (5mg/mL, 100� MIC) and cisplatin (500mg/mL, 5� MIC). (B)

Stationary-phase cells of EHEC in buffered LB after treatment with cisplatin (500mg/mL, 5�MIC). (C) Stationary-phase cells of P. aeruginosa in M9-glucose (0.4%) after treatment

with cisplatin (250mg/mL, 5�MIC). (D) Stationary-phase cells of S. aureus in TSB medium after treatment with cisplatin (500mg/mL, 1.7�MIC). Cell viability is shown before (black

bar) and after 3 h treatment (green bar for ciprofloxacin and red bar or red asterisk for cisplatin). �Represents eradication of cells beyond the limit of detection (100 cells/mL).
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able to completely eradicate these cells. Together these results
show that cisplatin is capable of eradicating the persister cells of
three pathogens.

Cisplatin Is More Effective Than MMC With P. aeruginosa

Previously, we found that MMC was not effective in eradicating
stationary-phase cells of P. aeruginosa PA14, andMMCwas about as
effective as ciprofloxacin with planktonic cells of this strain (Kwan

et al., 2015). Hence, we compared the efficacy of cisplatin and MMC
at 1� MIC (50mg/mL for cisplatin [Table II] and 2mg/mL for
MMC) (Kwan et al., 2015) and at 5�MIC (250mg/mL for cisplatin
and 10mg/mL for MMC). As observed before (Kwan et al., 2015),
MMC failed to eradicate stationary phase cells of PA14 (5� 2%
survival for 1� MIC and 0.0056� 0.0004% survival for 5� MIC);
however, even 1� MIC of cisplatin completely eradicated PA14
persister cells (Fig. 3A). Similar results were obtained with
P. aeruginosa strain PAO1 (data not shown). Therefore, cisplatin is a

Figure 3. Cisplatin is more effective than mitomycin C (MMC) in killing P. aeruginosa planktonic and biofilm persister cells. (A) Cell viability of P. aeruginosa PA14 planktonic

(stationary-phase) cells before (black bar) and after treatment for 3 h with 1� and 5� MIC of MMC (2 and 10mg/mL, respectively; blue bar) and 1� and 5� MIC cisplatin (50 and

250mg/mL, respectively; red asterisk). (B) Comparison of biofilm production between wild-type P. aeruginosa PA14 (black bar) and its isogenic mutant strain DtpbA (red bar) in M9-

glucose (0.4%) medium. (C) Cell viability of biofilm cells of P. aeruginosa PA14 (black bar) and DtpbA (red bar) before and after treatment for 3 h with 10mg/mL of MMC (5�MIC) or

250mg/mL of cisplatin (5� MIC). �Represents eradication of cells beyond the limit of detection (100 cells/mL).

Chowdhury et al.: Eradication of Persisters With Cisplatin 1989

Biotechnology and Bioengineering



more effective than MMC in killing the persister cells of bacterial
pathogens.

We then tested the efficacy of cisplatin versus MMC using biofilm
cells of P. aeruginosa, since levels of persisters are also high in
biofilms (Lewis, 2008), and they are a major cause of bacterial
infections (Wolcott and Dowd, 2011). We utilized theDtpbAmutant
of P. aeruginosa since it produces substantially more biofilm than
PA14 due to elevated levels of cyclic diguanylate (Ueda and Wood,
2009); this elevated biofilm formation was confirmed since the
DtpbA mutant produced sixfold more biofilm than PA14 in M9-
glucose medium (Fig. 3B). We then treated biofilm cultures of PA14
and its DtpbA mutant with 5� MIC of cisplatin (250mg/mL), and
compared these results with those of treatment with 5� MIC of
MMC (10mg/mL). Cisplatin completely eradicated (beyond the
limit of detection, 100 cells/mL) the biofilm cells ofDtpbA and those
of PA14. However, MMC could not eradicate biofilms of either strain
(Fig. 3C). These results clearly demonstrate that cisplatin is more
potent than MMC with P. aeruginosa.

Discussion

As we enter the post-antibiotic age, finding suitable alternatives to
combat recalcitrant infections is mandatory. Hence, repurposing
pharmaceuticals that are in current clinical use is an attractive
strategy since it potentially saves time and resources and may
benefit numerous patients (Rangel-Vega et al., 2015). For example,
after screening 5,850 P. aeruginosa transposon mutants, we
identified that uracil is a cell signal that increases biofilm formation
and demonstrated that the anti-cancer drug 5-fluorouracil is
effective in inhibiting biofilm formation (Ueda et al., 2009).
Remarkably, clinical trials in humans demonstrated that coating
with 5-fluorouracil was useful to prevent colonization and biofilm
formation in central venous catheters, being even more effective
than the positive control (chlorhexidine-silver-sulfadiazine) (Walz
et al., 2010). Given that cisplatin is also an FDA-approved, anti-
cancer agent, our results here indicate cisplatin may be repurposed
for use in killing persister cells.

It is established now that chronic infections are facilitated by the
survival of a small percentage of dormant persister cells (Fauvart
et al., 2011), and since current antimicrobial agents target growth
processes such as cell wall replication and protein and DNA
synthesis, currently there are no drugs in clinical use that target
persister cells. To address this need to combat persister cells, we
demonstrated previously that MMC is effective for the eradication
of persister cells (Kwan et al., 2015). In the current work, our results
demonstrate that cisplatin is also highly effective in treating
persister cells. We show that cisplatin can eradicate the persister
cells formed from E. coli, EHEC, and P. aeruginosa (Figs. 1 and 2).
We also found that cisplatin was highly effective against S. aureus
and P. aeruginosa clinical strains. Hence it is effective against Gram-
negative and Gram-positive bacteria that are among the most
common causes of nosocomial infections. Furthermore, our
results indicate that cisplatin is more effective than MMC with
P. aeruginosa for both biofilm and planktonic cells (Fig. 3). Although
the antimicrobial properties of cisplatin are well documented (Beck
and Brubaker, 1973; Joyce et al., 2010; Rosenberg et al., 1965), prior
to our study, this compound has never been tested on persister cells.

Hence, this is the first study that shows cisplatin is highly effective
in treating dormant persister cells.

Since P. aeruginosa biofilm persister cells were eradicated,
cisplatin may be effective for treating wounds where biofilms are
commonly formed from P. aeruginosa and S. aureus (DeLeon et al.,
2014). This is important since wound care in the U.S. costs $18B/yr,
and over 200,000 people die each year fromwounds that do not heal
properly (DeLeon et al., 2014).

Of the seven anticancer drugs tried in the report, only cisplatin
showed potent anti-persister activity. The efficacy of cisplatin may
be influenced by a number of factors, including that along with
busulfan, carmustine, melphalan, and dynemicin, cisplatin is a
direct alkylating agent. Of these direct alkylating agents, cisplatin is
the only one that contains a metal; hence, its enhanced activity may
also be related to the creation of ROS. However, we found here that
catalase mutants of both E. coli and P. aeruginosa are not more
susceptible to cisplatin. Therefore, the mechanism of killing
persister cells by cisplatin includes its well-established direct
crosslinking of DNA (Chvalova et al., 2007; Eastman, 1987; Zhen
et al., 1992) that is independent of cell metabolism, which allows it
to work on metabolically dormant persister cells. We also
reconfirmed that cisplatin indeed crosslinks the same strand of
DNA (Fig. S1). Moreover, cisplatin also crosslinks many types of
RNA including siRNA, spliceosomal RNAs, tRNA, and rRNA
(Dedduwa-Mudalige and Chow, 2015), thereby inhibiting vital
cellular processes. Therefore, cisplatin killing probably depends on
DNA repair systems, since an E. coli strain deficient in the DNA
repair system UvrA (nucleotide excision repair pathway) and RecA
(SOS repair pathway) are more sensitive to cisplatin (Beck and
Brubaker, 1973). The cyclophosphamide that was also tested against
persisters but found to be ineffective is a prodrug that produces
phosphoramide mustard that is active only in cells that have low
levels of aldehyde dehydrogenase (ALDH) (Emadi et al., 2009).
Although persister cells are dormant, it is not known whether they
have low levels of ALDH. Analogously, tirapazamine is activated to a
toxic radical compound only at very low levels of oxygen (Denny
and Wilson, 2000), and under our culture conditions, it is unlikely
that the intracellular oxygen concentrations are hypoxic. Neverthe-
less, it may be informative to further test cyclophosphamide in
combination with ALDH inhibitors as well as test tirapazamine at
low oxygen conditions.

It should be noted that a possible drawback for the repurposing
of anticancer drugs as antibacterial agents is the intrinsic toxicity of
some of these compounds, nevertheless the beneficial effect of low
cisplatin doses (0.1 and 0.5 mg/kg body weight) in combating
bacterial sepsis has already been demonstrated in mice, increasing
survival by the activation of peritoneal macrophages (Li et al.,
2014). Hence, further animal tests should be performed in order to
find the adequate treatment regimens and doses and to asses if the
combination of cisplatin with conventional antibiotics improves
bacterial clearance by attacking both metabolically active and
dormant persister cells. Of course topical applications for wound
treatments allow higher concentrations of compounds like cisplatin.

Critically, in light of our previous results demonstrating the
effectiveness of MMC (Kwan et al., 2015), which crosslinks
opposing strands of DNA, our results with cisplatin, which
crosslinks the same strand of DNA, show that DNA crosslinking is
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an effective means to combat persister cells. Furthermore, the
enhanced anti-persister activity of cisplatin relative to MMC could
be related to its more efficient crosslinking of DNA as well as RNA
promoted by the platinum present in this compound.
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