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a b s t r a c t
Background: Organisms causing healthcare associated infections can be sourced from the inanimate
environment around patients. Residing in a bioﬁlm increases the chances of these organisms persisting in the environment. We aimed to characterise bacterial environmental contamination, genetically
and physiologically, and relate this to general intensive care unit (ICU) cleanliness.
Methods: Cleanliness was determined by adenosine triphosphate (ATP) measurements of 95 high-touch
objects. Bacteriological samples were obtained from the same sites (n = 95) and from aseptically removed
sections (destructive samples, n = 20). Bacterial enrichment culture was conducted using tryptone soya
broth prior to plating on horse blood agar, MacConkey agar, and screening chromogenic agar for identiﬁcation of multidrug resistance organism (MDRO). Bacterial load and microbial diversity were determined
using quantitative PCR (qPCR) and next generation DNA sequencing respectively. Confocal laser scanning
microscopy and scanning electron microscopy were used to visually conﬁrm the bioﬁlm presence.
Results: Many intensive care surfaces (61%) were highly contaminated by biological soil as determined
by ATP bioluminescence testing. The degree of biological soiling was not associated with bacterial
contamination as detected by qPCR. Bacterial load ranged from 78.21 to 3.71 × 108 (median = 900) bacteria/100 cm2 . Surface swabs from 71/95 sites (75%) were culture-positive; of these 16 (22.5%) contained
MDRO. The most abundant genera were Staphylococcus, Propionibacterium, Pseudomonas, Bacillus, Enterococcus, Streptococcus and Acinetobacter. Bioﬁlm was visually conﬁrmed by microscopy on 70% (14/20)
of items.
Conclusion: Bacterial bioﬁlms and MDROs were found on ICU surfaces despite regular cleaning in Saudi
Arabia, suggesting that bioﬁlm development is not controlled by current cleaning practices.
© 2017 The Authors. Published by Elsevier Limited on behalf of King Saud Bin Abdulaziz University
for Health Sciences. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Each year millions of patients worldwide are admitted to intensive care units (ICUs). The ICU is often called the epicentre of
opportunistic infections with 25% of all healthcare associated
infections (HAI) occurring in ICU patients, resulting in increased
morbidity, mortality and healthcare costs [1,2]. ICU patients have
an increased risk of HAI due to their underlying conditions,
impaired immunity, exposure to multiple invasive devices that
bypass and disrupt patients’ protective barriers (for example, uri-
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nary catheters), and the administration of drugs that can predispose
patients to infection [3].
The ICU has been considered a bio-factory for the dissemination
and propagation of superbugs or multidrug-resistant organisms
(MDRO), due largely to the extensive antimicrobial use in ICUs,
which imposes a selection pressure promoting the emergence of
MDRO [4,5]. Infection with a MDRO has been shown to increase
the mortality of ICUs patients by up to 500% even after adjusting
for confounding factors [1,2,6].
Transmission of infectious agents can occur between patients,
healthcare workers hands, from medical equipment and the
clinical environment [7]. Carling and Bartley [8] showed that
room occupation by a patient with vancomycin-resistant enterococci (VRE), methicillin-resistant Staphylococcus aureus (MRSA),
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Clostridium difﬁcile or Acinetobacter baumannii infection, increased
the risk for subsequent patients developing a nosocomial infection
with these organisms (73%), suggesting that the bacteria remained
in the environment despite room cleaning between patients [8]. A
more recent review showed the odds ratio for pathogen acquisition was 2.14 (95% conﬁdence interval, 1.65–2.77), if the previous
patient was infected [9].
A contributing factor for persistence of environmental contamination may be the presence of bioﬁlms which can protect
incorporated microorganisms from both desiccation and the action
of cleaning and disinfecting agents. We have previously shown that
bioﬁlms are present on majority of hospital intensive care surfaces
in Australia [10,11]. In this study, we characterized microbial community composition, antibiotic resistance and bioﬁlm presence on
hospital surfaces in Saudi Arabia.

Materials and methods
ATP monitoring
Adenosine triphosphate (ATP) was used for detection of organic
matter on high-touch objects at two ICUs, including isolation wards
in adult ICUs, and in two bays of the paediatric ICU in a tertiary
hospital in Jeddah, Saudi Arabia. The patients’ room, including the
ﬂoor and surfaces, was sanitised by the cleaners and the equipment by the nurses using chlorine solution (PRESEPT 5.0 g tablet,
Johnson & Johnson, Irvine, California), everyday according to the
manufacturer’s instructions. ATP was collected from 95 high touch
®
surfaces using LuciPac PenTM swabs (Kikkoman ) moistened in
sterile water. Samples were collected by rubbing the swab over
approximately 100 cm2 area prior to processing in the Lumitester
®
PD-20 Bioluminometer (Kikkoman , Chiba, Japan) according to the
manufacturer’s instructions.
Microbial sample collection
A total of 115 samples were collected for microbiological analysis at different ICUs.
Sterile swabs (Puritan Foam Swab, Guilford, Maine, USA) were
vigorously wiped over approximately 100 cm2 of 95 high touch
items, adjacent to the area used for ATP testing. The swab was
transported to Australia and processed within two weeks. The swab
tip was aseptically removed and placed in 2 ml phosphate buffer
saline (PBS) and subjected to ultrasonication in an ultrasonic bath
with a sweeping frequency of 42–47 kHz (Soniclean, JMR Australia)
for ﬁve minutes, followed by vortexing for 5 s. An additional, 20
high touch items were aseptically, destructively sampled by cutting out sections of the item. A 1 cm2 section was placed in 2 ml PBS
and subjected to the same ultrasonication and vortexing process.
Sonicated and vortexed samples were processed for multidrugresistant organism isolation and for molecular analysis of microbial
contamination.
Multidrug-resistant organism isolation (n = 115)
A 100 l aliquot of sonicated/vortexed sample was transferred
to 1 ml tryptone soya broth (TSB) and incubated aerobically for 18 h
at 37 ◦ C prior to plating on horse blood agar (HBA), MacConkey
agar and the following chromogenic plates; Brilliance MRSA agar
plates for the detection of MRSA, Brilliance VRE Agar Plates for the
detection of VRE and Brilliance extended spectrum beta-lactamase
(ESBL) agar plates (Oxoid, Adelaide, Australia) for the detection of
ESBL producing Gram-negative bacteria. Plates were incubated aerobically at 37 ◦ C for 24 h (HBA, MacConkey) and chromogenic plates
were incubated at 37 ◦ C as per manufacturer’s instructions.

419

Molecular analysis of microbial contamination (n = 115)
DNA extraction and bacterial load
Genomic DNA was extracted from 200 l of sonicated and vortexed samples using the High Pure Polymerase Chain Reaction
(PCR) Template Preparation Kit (Roche Diagnostics, North Ryde,
Australia) as per manufacturer’s instructions. The number of bacteria in each sample, was determined by real-time quantitative PCR
(qPCR) of the 16S rRNA gene using eubacterial universal primers as
previously reported [12].
Composition of microbial community: metagenomics sequencing
and data analysis
The V3-V4 region of 16S small subunit (SSU) ribosomal RNA was
ampliﬁed using universal primer Bac SSU 341F-806wR. Metagenomics sequencing was performed using the workﬂow outlined
by Illumina (#15044223 Rev.B) by a commercial laboratory (Australian Centre for Ecogenomics, Brisbane, Australia). Brieﬂy, PCR
products of ∼466 bp were ampliﬁed in standard PCR conditions,
puriﬁed using Agencourt AMPure XP beads (Beckman Coulter,
Australia) and indexed with unique 8 bp barcodes using the Illumina Nextera XT 384 sample Index Kit A-D (Illumina FC-131-1002)
prior to sequencing on the MiSeq Sequencing System (Illumina).
Sequencing
ﬁles
were
processed
using
QIIME’s
pick open reference otus.py workﬂow with default parameters (97% similarity) and taxonomy assignment and alignment
features suppressed [13]. Representative Operational Taxonomic
Units (OTUs) sequences were then BLASTed against the reference
database Greengenes version 2013/05 [14]. Statistical analyses and
data mining were performed using Calypso software 7.6 (http://
cgenome.net).
Detection and visualisation bioﬁlm on dry hospital surfaces
Destructive sampled item fragments (3–5 cm2 ) were stained
with Live/Dead BacLight Bacterial Viability Kit (Life Technologies,
Thermoﬁsher Scientiﬁc, Boston USA) as described previously for
bioﬁlm covered surfaces [10] to distinguish viable from dead bacteria. The bioﬁlm structure was examined under confocal laser
scanning microscopy (CLSM) (Zeiss Axio Imager Microscope and/or
ZEISS LSM 880, Carl Zeiss Ltd., Herefordshire, UK). Images were processed using ZEISS ZEN Imaging Software (Black Edition) and Imaris
v 8.4, ImarisXT, Bitplane.
Following CLSM, samples were ﬁxed in 3% glutaraldehyde, dehydrated though increasing concentrations of ethanol, coated in
20 nm of gold and examined in a scanning electron microscope
(JEOL JSM- 6480), to determine bioﬁlm presence, as described previously [10].
Statistical analysis
Linear regression was used to test for relationships between
total bacterial load as determined by PCR and ATP relative light
units (RLU) readings using SigmaPlot 13 statistical program (Systat Software, San Jose, United States of America). A Mann–Whitney
Rank Sum test was used to compare 2 non-normally distributed
groups such as ATP RLU readings and bacterial load for samples
that were positive and negative for culture and MDRO isolation.
Results
ATP monitoring and bacterial load
The level of biological soiling as detected by bioluminescencebased ATP levels varied across the ICU surfaces. Based on the
manufacturer’s benchmark, 17 sites (18%) were considered low
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Fig. 1. Level of soiling on ICU surfaces n = 95. RLU readings and quantitative PCR values based on total soiling of 100 cm2 of surface. Kikkoman benchmarks RLU readings
<200 are considered low contaminated, between 200–400 RLU medium contaminated, and >400 RLU are deemed to be highly contaminated. MDRO depicted by red squares.

level soiling (<200 RLU), 20 sites (21%) were soiled to a medium
level (between 200 to 400 RLU), but the majority of sites (61%)
were deemed to be highly soiled (>400 RLU) (Fig. 1). There was no
relationship between RLU readings and bacterial load of the sample
as determined by qPCR (P = 0.7) (Fig. 1).
While only 71 of the items were culture positive, all samples
had evidence of bacterial contamination as detected by qPCR of
16s rRNA gene. The number of bacteria contaminating ICU surfaces
varied between 7821 to 370000000 bacteria/100 cm2 . However, the
median value was 90 000 bacteria/100 cm2 , and in 57% of sites the
bacterial load was below 100000 bacteria/100 cm2 (Fig. 1). There
was no difference in RLU or bacterial load between samples that
were culture positive and culture negative (P = 0.25).

Multidrug-resistant bacteria detection (MDRO)
Swabs from 71/95 sites (75%) were culture-positive, of these
16/71 sites (22.5%) grew MDRO (Table 1). Twelve of the 95 samples grew S. aureus. There was no difference in RLU or bacterial
load in samples that grew a MDRO and those that did not (P = 0.45).
While 13/20 (65%) of the destructively sampled items were culture positive and grew ESKAPE organisms, including S. aureus and
Enterococcus spp., no MDRO were isolated.

Composition of the microbial community
Direct analysis based on next generation DNA sequencing
from 92 high-touch objects and 20 destructively sampled surfaces
yielded 763 208 reads, ranging from 7 to 169 811 reads/sample,

Table 1
Location of MDRO positive environmental surfaces.
Location

Number of items sampled

Positive item

Isolate

Adult (unit 1)

14

Roller blind

MRSA

Adult (unit 2)

19

Bed railing
Patient ﬁle table

Proteus (ESBL)
Enterococcus faecalis (VRE)

Adult (unit 3)

23

IV pump face
Bed controller

Enterococcus faecium (VRE)
MRSA

Paediatric (bed 1) unoccupied bed

14

Glove box
Chair
Chair

Enterococcus faecalis (VRE)
Klebsiella (ESBL)
MRSA

Paediatric (bed 2) occupied by
patient infected with Pseudomonas

8

Stethoscope
IV device top
Clipboard
Chair

MRSA
Klebsiella (ESBL)
MRSA
Enterococcus faecium (VRE)

Pediatric (two nurse stations)

17

Kidney Dish Tray
Keyboard
Calculator
Clipboard

Enterococcus faecium (VRE)
MRSA
MRSA
MRSA

MRSA, methicillin-resistant Staphylococcus aureus; VRE, vancomycin-resistant enterococci; ESBL, extended-spectrum beta-lactamase Gram-negative bacilli.
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Fig. 2. Relative abundance of predominant genera in microbial communities contaminating individual intensive care unit surfaces. # Destructive sample.

with a richness range of 1–85 genera/sample and more than 408
OTU. Seven of the twenty destructively sampled items and 79/95
swab collected items had insufﬁcient DNA for metagenomic analysis.
A comparison of the microbial communities at the genus
level showed that Staphylococcus, Propionibacterium, Pseudomonas,
Bacillus, Enterococcus, Streptococcus and Acinetobacter were the
most abundant genera present in patients’ surrounds, nurses’ station and patient bedding. Analysis of pooled data revealed that
31% of the microbial community was composed of Staphylococcus
followed by Propionibacterium (13%), Pseudomonas (13%), Bacillus (10%), Streptococcus (9%) Enterococcus (7%), Acinetobacter (7%)
and Salmonella (1%) (Fig. 2). These genera formed 10% or more
of individual microbiomes in 67 (Staphylococcus), 36 (Propionibacterium), 26 (Pseudomonas), 13 (Bacillus), 28 (Streptococcus), 12

(Enterococcus), 20 (Acinetobacter) and 3 (Salmonella) of the 92 samples. Individual results for destructively sampled items and swab
items are found in Tables S2 and S3, respectively (Supplementary
material).
At the species level, microorganisms classiﬁed as major causes
of nosocomial infections were present. For instance, S. aureus was
detected from 19 (50%) samples from nurses’ stations, 5 (55%)
patients’ bedding and 15 (33%) patients’ surroundings. Whereas
Salmonella enterica was found among 13 samples (14%) and in three
samples (door handle, stethoscope, ﬂoor) from 2 different rooms, it
formed 49, 36 and 11% of the microbial communities respectively.
For these three samples, Acinetobacter also contributed between
18 and 35% of the bacterial population. The potentially pathogenic
Acinetobacter schindleri and Acinetobacter johnsonii were identiﬁed
among 44 (48%) of samples.

Fig. 3. (A) Genus analysis indicated the relationships between sample composition and bacterial diversity. (B) Observed OTUs richness for hard (n = 72) and soft (n = 20)
surfaces (P = 0.048).
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Fig. 4. (A) Comparison of the microbial communities between swab and destructive samples. (B) Community diversity of swab and destructive samples measured by the
Shannon weaver index identiﬁed signiﬁcantly more diversity in destructively sampled items (P < 0.05, ANOVA).

Fig. 5. Scanning electron micrograph of (A) curtain showing coccoid microbial cells encased in extracellular matrix (EPS); (B) nurses’ station sink, showing micro-colonies
predominantly composed of coccoid microbial cells encased in thick EPS.

Sample material composition in general seemed to have little
effect on the genus of bacteria persisting on their surface, although,
leather was colonized with high numbers of Enterococcus, and metal
with more Pseudomonas and Salmonella (Fig. 3A). However, the
texture of the surface had a signiﬁcant effect with 20 soft surface
samples (carton, fabric, leather) having more abundant OTU (mean
total = 210/sample) than the 72 hard surface samples (metal and
synthetic, mean total = 160/sample) (P = 0.048) (Fig. 3B). This was
not related to degree of soiling as determined by measuring residual
ATP (P > 0.05).
The microbiome of destructively sampled items had signiﬁcantly more environmental bacteria and signiﬁcantly less
organisms normally found inhabiting the skin (P < 0.05) (Fig. 4A).
The community richness and evenness (Shannon index) of the
swabs and destructive samples showed greater diversity on the
destructive samples (P < 0.05) suggesting that surface swabbing
fails to sample the entire microbial contamination (Fig. 4B).
Presence of bioﬁlms in intensive care unit
The presence of bioﬁlm was visually conﬁrmed, using SEM,
in 70% (14/20) of items destructively sampled from high-touch
objects. The bioﬁlm was composed of bacteria with various morphological characteristics embedded in thick amorous extracellular
polymeric substances (EPS) (Fig. 5). Bioﬁlm positive samples were
chairs (5/5), nurses’ station sink (1/1), child’s toys (2/2), curtains
(2/4), glove boxes (2/2), bedside table (1/1) and storage cabinet
(1/1). Bacteria failed to be isolated from 5 positive bioﬁlm samples,
however, bacterial viability staining and CLSM, conﬁrmed the presence of live bacteria in all these culture negative samples (Fig. 6).

Discussion
Advances in sequencing technologies have allowed researchers
to sequence entire microbial communities in a high-throughput
manner. The relevance of the present study lies in the environments analysed, including adult ICU isolation wards and paediatric
ICU. Understanding hospital environmental microbial community
composition, is critical for improving decontamination procedures,
which directly impact patient health. The sequencing revealed a
large microbial diversity, contaminating high-touch objects, with
over 408 distinct OTUs belonging to 115 different genera identiﬁed.
The predominant genera belonged to microorganisms associated
with the human microbiome e.g. Staphylococcus, Propionibacterium,
Bacillus, Enterococcus, Streptococcus as well as environmental
microorganisms such as Pseudomonas, Bacillus, and Acinetobacter
and included known ESKAPE pathogens.
Due to extensive use of broad spectrum antibiotics, selective
pressure for antibiotic resistance is high in the ICU environment and
we cultured 16 MDRO from 115 samples. Notably, MRSA was found
in all ﬁve rooms and at both of the nurses’ stations, demonstrating
its persistence in the environment. VRE was also present in four
of the ﬁve rooms and at the nurses’ station. We also found three
different MDROs (MRSA, VRE and an ESBL producing Klebsiella) in
both the paediatric ICU bed bays, one of which was vacant and
sampled after terminal cleaning and the other bed inhabited by an
infant colonised with Pseudomonas spp. This is concerning given
that these rooms had been serviced and appeared clean.
Although ICU wards and ICU paediatric bays are frequently and
strictly sanitised with disinfectants, bioﬁlm was still visually conﬁrmed to contaminate 14 of the 20 destructively sampled surfaces.
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Fig. 6. Confocal laser scanning micrograph of bioﬁlm stained with BacLight Live/Dead stain showing the presence of live bacteria (green) and dead bacteria (red). (A) Sample
from a chair at a nurse station which was culture positive for a mix growth of Gram positive bacteria (B) Sample from a patient chart table showing live bacteria although
the sample was culture negative.

Of the conﬁrmed bioﬁlm-positive samples, 9 were culture positive, and grew ESKAPE organisms such as E. faecium, S. aureus,
Klebsiella pneumoniae, A. baumannii, P. aeruginosa, and Enterobacter
species, and 5 samples were culture negative. Close contact with
other microorganisms in a bioﬁlm equates with possible exchange
of antibiotic resistance genes. Ability to form bioﬁlms has been
positively correlated with antibiotic resistance, in clinical isolates
of K. pneumoniae (P < 0.01) [15] and it is accepted that bioﬁlm plays
a crucial role in establishing resistant strains of bacteria in the
environment [16]. This is because the high cell density of antibiotic resistant and sensitive bacteria coexisting in mixed bioﬁlm,
combined with accumulated mobile genetic elements results in
efﬁcient horizontal gene transfer of antibiotic resistance genes;
conjugation rates have been estimated to be 1000-fold higher in
bioﬁlms as compared to planktonic cultures as reviewed by Balcázar et al. [17]. Moreover, Gram-negative bacteria are of particular
concern as these organisms are highly efﬁcient at up-regulating or
acquiring genes that code for mechanisms of antibiotic drug resistance, especially in the presence of antibiotic selection pressure
[18]. Therefore, the detection of MDRO and bioﬁlm in the two ICUs
sampled using microbial community proﬁle analysis highlights the
need for more stringent and thorough cleaning and disinfection
strategies.
In this study, we collected either surface swab samples of
high-touch objects or destructively sampled high-touch objects.
We found that pathogens associated with the normal skin ﬂora
were signiﬁcantly more pronounced in swab samples compared
to destructively sampled objects, P < 0.05 (Fig. 4A). In contrast,
we detected signiﬁcantly more environmental bacteria in destructively sampled objects compared to swab samples P < 0.05 (Fig. 4A).
Moreover, we found a signiﬁcantly more diverse microbial community in destructively sampled objects compared to swab samples,
P < 0.001 (Fig. 4B). The disparity between the two sampling
approaches could be due to swabs only collecting surface bacteria, possibly only planktonic bacteria, whilst destructive sampling
ensured that the whole bioﬁlm structure was sampled.
Bacterial attachment is increased in proportion to surface
roughness [19,20]. Uneven surfaces have a greater surface area
compared to smooth surfaces, providing more bacterial attachment
sites. In addition, bacteria are subjected to reduced shear forces
when being wiped as happens during cleaning [21,22]. This was
shown in the present study where the microbial diversity was signiﬁcantly higher on soft surfaces (carton, fabric, leather) with 210
OTUs compared to hard surfaces (metal and synthetic) with 160
OTUs. These ﬁndings can be attributed to the fact that cleaning and

disinfecting procedures are often easier on hard surface ﬁnishes so
more bacteria are removed.
We found no correlation between bioluminescence-based ATP
testing and microbial load as determined by qPCR of high-touch
objects at both ICUs. In this study, we found that 58 of the 95 (61%)
of the readings were considered heavily soiled based on Kikkoman’s benchmark of 400 RLU [23] suggesting a failure of cleaning.
The ATP bioluminescence method of “rapid hygiene monitoring”
has previously been shown to give accurate readings for medium
to high levels of contamination, however, at low levels of ATP,
detection occurs below the lower level of quantiﬁcation resulting in relatively higher levels of error [24]. ATP readings can also
be affected by disinfectant chemistry used on the surfaces where
samples were collected [25]. The main component of PRESEPT is a
chlorine releasing agent and hence its use to disinfect surfaces in the
hospital where the samples were collected may have affected ATP
results. As ATP reﬂects the amount of organic residues, including
food and bacteria, present on a surface, it should be used as a guide
for microbiological testing, given that other studies have shown
that moderate to highly soiled surfaces are more likely to yield
pathogens [26] rather than assuming low ATP readings equates
with being microbiologically safe.
A shortcoming of the present study is that microbial load was
determined using qPCR which ampliﬁes DNA from viable, fastidious, non-culturable and dead bacteria. Usually such analyses
are performed using culture based methods often utilising simple
media. Our more sensitive method could account for why all the
ICU surfaces sampled were found to be highly contaminated with
bacterial DNA. However, as depicted in Fig. 6 all culture-negative
destructively sampled items were contaminated with an average
of 68% live bacteria, demonstrating that the culture based method
grossly underestimated microbial load and that the qPCR results
probably provide a truer reﬂection of microbial contamination. If
these high levels of live but non-culturable bacteria contribute to
protecting environmental pathogens is unknown. However, we do
know that any soil, including bacterial protein, decreases cleaning
and disinfectant efﬁcacy which may impact on pathogen persistence.
In conclusion, we employed extensive molecular analyses techniques including qPCR, microbiome analysis and live/dead staining
combined with traditional culture for MDRO detection, ATP assessment and visual conﬁrmation of bioﬁlm presence using SEM. The
two ICUs were cleaned and disinfected regularly, appeared clean,
yet we found bioﬁlms incorporating ESKAPE species on 70% of
ICU surfaces. The physiological relevance of this is that bioﬁlms
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are tolerant to detergent removal, disinfectant action and display
increased transfer of genetic material between incorporated bacteria. All these properties play a crucial role in establishing and
maintaining MDROs in the environment. Therefore, we emphasise the importance of performing regular cleaning assessments.
However, as we have demonstrated, the use of a single method of
assessment, such as qPCR or culture is not sufﬁcient to determine
if the surface is microbiologically safe or even clean.
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