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As an opportunistic pathogen, Pseudomonas aeruginosa is often associated with severe respiratory infections. A
study conducted in an ICU of a tertiary hospital in Vietnam, where infection management is relatively good,
yielded only 18 clinical isolates of P. aeruginosa over 6 months. Though the number is small, treating
P. aeruginosa infections is highly complicated. Out of 18 patients, 15 showed no improvement after treatment,
leading to worsening conditions or death, possibly due to various factors. High rates of mechanical ventilation
(83.3%) may be a contributing factor, suggesting a certain correlation between ventilation and treatment failure.
The antibiotic resistance rate in these isolates is relatively high, with a multidrug-resistant rate of 44.4%, result-
ing in treatment failures when empirical antibiotics are used without susceptibility testing. All isolates have the
ability to form biofilms. Moreover, bacteria in stationary phase or within biofilms exhibited poor responses to
meropenem and amikacin (about 10% of bacteria survive after antibiotic exposure). Conversely, ciprofloxacin
shows much better efficacy, indicating that fluoroquinolones should be used in combination therapy for P. aeru-
ginosa infection to eliminate persistent cells and biofilm-embedded microorganisms, thus enhancing treatment
effectiveness.
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Introduction

T he Gram-negative opportunistic pathogen Pseudomonas
aeruginosa, widely distributed in many places, as well as

in the human body and animals,1 causes various types of
infections.2 These infections are particularly severe in patients
with lung-related conditions such as chronic obstructive pul-
monary disease or those on mechanical ventilation, with mor-
tality rates ranging from 18% to 61%.3

To treat infections caused by P. aeruginosa, various classes
of antibiotics are commonly utilized, including b-lactams,
aminoglycosides, quinolones, and more recently, polymyx-
ins.3 However, treatment remains complicated with failure
rates ranging from approximately 10% to 30%, and may be
higher in cases of multidrug-resistant (MDR) isolates or in
immunocompromised individuals.4

Treatment responses are influenced by a multitude of fac-
tors.5 Among these factors, antibiotic resistance stands out as
an extensively studied phenomenon, marked by an elevation
in minimum inhibitory concentration (MIC) values compared
to susceptible microorganisms.4 Contrarily, the concept of
“antibiotic persistence” has only recently gained formal recog-
nition, and still receive less attention both in research and clin-
ical practice. Persistent phenotype does not exhibit elevated
MIC but highly heterogeneity within the microbial population.
The majority of microorganisms respond to antibiotics as a
sensitive population, being swiftly eradicated, whereas a small
subset exhibits minimal or no response.6 However, this phe-
nomenon may be linked to treatment failures, particularly in
cases of persistent, recurrent, and chronic infections. Addi-
tionally, it serves as a precursor to the emergence of antibiotic
resistance.7 Recently, the persistence phenotype has been
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reported in various species, including P. aeruginosa, posing
an emerging challenge to infection treatment.8,9 Furthermore,
the association between persistence phenotype and the
biofilm-forming ability of some bacteria has been reported,10–12

andmay contribute to the failure of antibiotic treatment.
In this study, we evaluated the treatment response in P. aer-

uginosa infection with clinical isolates at the ICU of one of
the largest tertiary hospitals in Vietnam. Additionally, we
investigated several factors influencing treatment effective-
ness, including antibiotic resistance and persistence, biofilm-
forming capability, as well as clinical factors.

Material and Methods

Clinical data

The study complied with the Declaration of Helsinki and
was approved by Bachmai Hospital Ethics Committee
(approval number: 1789/QD-BM) and conducted during
June–December 2015. Clinical characteristics including iso-
lates number, gender, age, infection type, using ventilator or
not, nosocomial or not, immunodeficiency factor, treatment
information, and status after treatment were obtained from
the 18 medical records (Table 1).

Isolates and antibiotics

From patients admitted to the ICU at Bach Mai Hospital,
Vietnam, 18 isolates of P. aeruginosa were collected, includ-
ing 17 isolates from the respiratory tract and one from blood
(24386). All isolates were identified using colony morphol-
ogy, Gram stain, and MALDI Biotyper (Germany). Only non-
duplicate isolates, which means no more than one isolate from
the same sample, were included in the study.

P. aeruginosa ATCC 27853 is a reference strain from the
American Type Culture Collection (ATCC) (USA). Antibiot-
ics were obtained as microbiological standard from Bayer
(Germany) (ciprofloxacin—CIP) or Bristol-Myers Squibb

(Belgium) (amikacin—AMK) or Hospira UK Ltd. (United
Kingdom) (meropenem—MER).

Antibiotic susceptibility testing

Antibiogramwas obtained frommedical records.
P. aeruginosa isolates that showed resistance to at least one

antibiotic in three or more antimicrobial categories were iden-
tified asMDR.13

MICs of selected antibiotics were determined using the
microdilution method in cation-adjusted Muller-Hinton II
broth (USA), following the instructions of the Clinical and
Laboratory Standards Institute (CLSI),14 with classification as
susceptible (S), intermediate (I), and resistant (R) based on
CLSI criteria.14 MIC50 and MIC90 were calculated from MIC
values, corresponding to the antibiotic concentrations inhibi-
ting 50% and 90% of the microbial population.10

Quantification of persisters

Bacteria were grown until they reached the stationary phase
after undergoing two subcultures (overnight and 24 hours) at
37�C in MHB. Subsequently, they were treated with AMK,
MER, or CIP at 50·MIC for 5 hours, 37�C, and 130 rpm. The
colony-forming unit (CFU) was enumerated following dilu-
tion in phosphate-buffered saline, spreading on tryptic soy
agar, and overnight incubation. The percentage of persistence
was determined by the following formula15,16:

Percentage of persistence ¼
CFUs after 5 hours treatment

Initial inoculum
· 100%

Biofilm formation

Overnight bacterial cultures were diluted in tryptic soy
broth supplemented with 2% glucose and 1% sodium chloride

TABLE 2. ANALYSIS OF THE ASSOCIATION BETWEEN CLINICAL FACTORS AND THE EFFICACY OF ANTIBIOTIC TREATMENT

Clinical factor No improvement (n = 15) Improvement (n = 3) p

Association analysis

OR 95% CI p

Sex
Female 6 (40%) 0 (0%) 0.52 4.79 0.21–109.19 0.33
Male 9 (60%) 3 (100%)

Age
‡60 8 (53.3%) 1 (33.3%) 1.0 2.29 0.17–30.96 0.53
18–59 7 (46.7%) 2 (66.7%)

Infection origin
Nosocomial 13 (86.67%) 1 (33.3%) 0.11 13 0.77–219.11 0.08
Non-nosocomial 2 (13.3.%) 2 (66.6%)

Mechanical ventilation
Yes 14 (93.3%) 1 (66.7%) 0.06 28 1.21–648.81 0.04
No 1 (6.7.%) 2 (33.314.3%)

Immunodeficiency factors
Yes 15 (100%) 2 (66.7%) 0.17 18.6 0.58–596.66 0.1
No 0 (0%) 1 (33.3%)

MDR
Yes 8 (53.3%) 0 (0%) 0.22 7.93 0.35–179.96 0.19
No 7 (46.6%) 3 (100%)

CI, confidence interval; MDR, multidrug-resistant; OR, odds ratio.
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(TGN) to reach an OD620 of 0.05. In total, 200lL of this sus-
pension were distributed in 96-well plates and incubated at
37�C for 24 hours to obtain mature biofilms. Mature biofilms
were then incubated with 200lL fresh TGN containing CIP,
MER, and AMK at their Cmax (3 mg/L for CIP17; 30 mg/L
for MER18; 70 mg/L for AMK19) during 24 hours, after which
the medium was removed and the biofilm was washed with
200lLMOPS sodium salt buffer at pH 7 (Sigma, USA).

CFU counting, metabolic assay by fluorescein diacetate
(FDA), and biomass quantification by crystal violet were per-
formed according to previously described methods, with
quantification of fluorescence or absorbance measured with a
SpectraMaxM3 plate reader (Avantor®, USA).10,12,20

Statistical analysis

The association between clinical factors and antibiotic
treatment efficacy was evaluated using odds ratios (OR) with
a 95% confidence interval (CI). Haldane’s adjustment was uti-
lized in cases where variables had a value of zero. Statistical
significance was determined when the two-tailed p value was
<0.05. All tests were conducted using the statistical software
SPSS 20 (IBM, USA).

Between-group comparisons of percentage of persistence or
control vs. antibiotic-treated biofilms were conducted utilizing
one-way ANOVA with Tukey’s post hoc test. A statistically

significant p value of <0.05 was considered. The data were
analyzed using GraphPad Prism (GraphPad 4.0, USA).

Results

Over a 6-month period, only 18 cases of P. aeruginosa
infection were documented, predominantly with pulmonary
infection, among those, 14 were nosocomial. All hospital-
acquired infections in this study were associated with ventila-
tor usage (Table 1).

Most of these patients exhibited poor responses to the used
antibiotics, with up to 15 out of 18 patients showing no
improvement. Even when treated with susceptible antibiotics,
11 patients did not show improvement. The correlation
between clinical factors and treatment response in infection is
depicted in Table 2.

Among the aforementioned clinical factors, mechanical
ventilation status showed a significant association with an OR
of 28.1 (95% CI: 1.21–648.81, p = 0.04). However, the Fisher
test did not reveal a statistically significant difference between
the two groups (Table 2).

To further elucidate the factors influencing the effective-
ness of infection treatment, we found that the resistance rate
within this collection was relatively high with 50%; 44.4%;
and 11% of the isolates resistant to aztreonam, imipenem, and
meropenem; ceftazidime, cefepime, tobramycin, gentamicin,

FIG. 1. Characterization of persistence phenotype of the clinical isolates. (A) Percentage of persisters in 18 clinical
isolates after 5 hours antibiotic exposure to amikacin (AMK), meropenem (MER), or ciprofloxacin (CIP) at 50 times
their MIC. (B–D) Same data, stratified according to the susceptibility or resistance of each isolate to the considered
antibiotic, and including the reference strain ATCC27953 as a comparator. The dotted line corresponds to a reduction
of 99.9% of the bacterial counts as compared to the initial inoculum. Data are shown as mean of three independent
experiments for each isolate.
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and ciprofloxacin; and amikacin, relatively. The rate of MDR
isolates is 44.4% (Supplementary Table S1). The resistance
pattern from antibiogram was coherent to MIC value of three
important antibiotic classes in P. aeruginosa treatment,
including meropenem, amikacin, and ciprofloxacin (Supple-
mentary Table S2).

In the next step, the persistence characteristics of the iso-
lates were tested for three representative antibiotics. After
5 hours of exposure at the 50·MIC, both amikacin (Fig. 1A)
and meropenem showed limited bactericidal efficacy, caus-
ing a reduction of only approximately 1 log10 CFU/mL. Con-
versely, ciprofloxacin was bactericidal toward most of the
isolates, causing a reduction of more than 3 log10 CFU/mL
(Fig. 1A). When stratifying isolates based on their MIC, no
difference in the persistence percentages was noticed
between susceptible and resistant isolates, as well as refer-
ence strain ATCC27853 regardless of the tested antibiotic
(Fig. 1B–D).

Further, we evaluated the biofilm-forming activity of the
P. aeruginosa isolates and found that all of them produced
biofilm. In untreated control, the CFU number and biomass

were similar in all biofilms, whereas some variation was
noticed in their metabolic activity (Fig. 2A–C). We then
examined the activity of representative antibiotics used at
their Cmax after 24 hours of exposure. Ciprofloxacin dem-
onstrated excellent bactericidal activity in 9 of 18 isolates
that were susceptible to ciprofloxacin (Fig. 2A, B) and
exhibited a reduction of more than 3 log10 CFU/mL and
90% of FDA value (Fig. 2D, E). Conversely, ciprofloxacin
was inactive on resistant isolates, the MIC of which was
approximately equal to or greater than the Cmax (Supple-
mentary Table S2). Meropenem exhibited poor bacterial
eradication within the biofilm. Even on susceptible isolates,
this antibiotic led to less than 1 log10 CFU/mL and 60%
FDA value reduction (Fig. 2D, E). Amikacin performed
slightly better than meropenem in eradicating bacteria but
was less effective than ciprofloxacin. On susceptible iso-
lates, amikacin could reduce bacterial counts by 1–2 log10
CFU/mL and 80% FDA value; however, for resistant iso-
lates, amikacin was nearly inactive (Fig. 2D, E). All three
antibiotics failed to significantly impact the total biomass in
the biofilm (Fig. 2C, F).

FIG. 2. Activity of selected antibiotics on bacteria in biofilm. CFU counts (A), metabolic activity assessed by the flu-
orescence of FDA (B), and biomass assessed by CV staining (C) for 18 clinical isolates and ATCC 27953 (isolate 0)
strains exposed to amikacin, meropenem, and ciprofloxacin at concentrations equivalent to Cmax during 24 hours.
(D–E) Effects of the three antibiotics (AMK, MER, CIP) on biofilms, expressed as change in CFU counts or in percent-
age reduction in FDA value and in biomass as compared to the untreated control. Clinical isolates stratified according
to their susceptibility to the tested antibiotics (susceptible [S] or resistant [R]). Data are shown as the mean of three
independent experiments for each isolate. CFU, colony-forming unit; CV, crystal violet; FDA, fluorescein diacetate.
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Discussion

Although P. aeruginosa infections are not numerous, 15 of
18 cases showing no improvement posttreatment highlights
the need to investigate treatment efficacy. Statistical analysis
revealed only mechanical ventilation significantly increased
odds (OR = 28.1), though without Fisher test significance.
Ventilation-associated pneumonia (VAP) remains prevalent
in critically ill patients, driving extensive ICU antibiotic use
globally, with a 15.6% incidence rate.21 Notably, P. aerugi-
nosa, along with Staphylococcus aureus, emerges as the pri-
mary bacterial agent responsible for VAP, with an associated
mortality rate of 13.5%, despite appropriate antibiotic ther-
apy.22 P. aeruginosa and S. aureus are leading VAP agents,
with 13.5% mortality despite proper therapy. Unsurprisingly,
14 of 15 unimproved cases here involved ventilation. Limited
statistical significance likely reflects the small sample size.

To further elucidate the factors influencing the effective-
ness of infection treatment, we evaluated the characteristics of
the isolates and found that the resistance rate within this col-
lection is relatively high. Amikacin was the most active antibi-
otic with 11% of resistance. This result is consistent with a
multicenter study in Vietnam, where amikacin was reported to
be the most susceptible antibiotic for P. aeruginosa.23

Although the antibiotic resistance rate was quite high, it is
not the sole determinant of the poor treatment response. Some
previous studies identified that factors including patient
immunosuppression and the antibiotic persistence phenotype
are also influential in antibiotic nonresponders.16,24 In the cur-
rent study, 100% of the nonresponsive patients were related to
immunodeficiency. We also found a high rate of antibiotic
persistence in all isolates after amikacin treatment at around
10%, and over 10% with meropenem. This is especially dan-
gerous for patients with immunocompromising factors, who
are unable to completely eradicate the remaining persister
after treatment. Therefore, the use of these two antibiotic
groups as the first-line treatment for P. aeruginosa respiratory
infections needs careful consideration. The correlation
between antibiotic persistence phenotypes and persistent
infections has been demonstrated across numerous species
such as Klebsiella pneumoniae,12 S. aureus,10,11 and P. aeru-
ginosa.24 Intriguingly, although ciprofloxacin is not the first-
line indication for treating P. aeruginosa infections, this study
has demonstrated a very low rate of bacterial persistence with
ciprofloxacin. Similarly, other studies on quinolone antibiotics
have shown that the rate of bacterial persistence with fluoro-
quinolones is typically less than 0.1%.11,16 Therefore, fluoro-
quinolones should be considered to combine with a first-line
antibiotics in treating P. aeruginosa infections to better eradi-
cate any remaining persistent bacteria, thus enhancing treat-
ment effectiveness.

One of the key factors contributing to antibiotic tolerance
and persistence in bacteria is their capability to establish bio-
films. Therefore, we continued to evaluate the biofilm-
forming activity of P. aeruginosa isolates and found that all
of the tested isolates, including reference strains, could form
biofilms. Among the three antibiotics studied, ciprofloxacin
exhibited the highest ability in eradicating bacteria within
biofilms, achieving a remarkable reduction of 99.9% after
24 hours of exposure. In contrast, amikacin and meropenem
demonstrated limited or no efficacy. This outcome raises

significant concerns regarding the suitability of the current
treatment regimen for P. aeruginosa infections.

Despite disadvantages related to the limited number of iso-
lates in the study, our research has partly shown the factors
contributing to the treatment nonresponse of P. aeruginosa
infections in an ICU of a tertiary hospital in Vietnam. Addi-
tionally, these data can be referred to antibiotic selection in P.
aeruginosa surveillance and control in such a tropical country
with limited resources and high prevalence of AMR.
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