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Abstract

The hospital environment is widely recognised as a source of microorganisms that col-
lectively constitute the so-called “hospital microbiota”. The aim of this study was to
investigate this microbiota, providing as accurate a picture as possible of the actual level
of environmental contamination within the hospital. We conducted a 2-year surveillance
study in a large acute-care hospital to map the microbiological profiles of the various wards
and identify areas requiring improvement. The analysis revealed substantial contamination
of surfaces by ESKAPEE microorganisms, well-known causes of healthcare-associated
infections. Near-patient surfaces and some critical items such as IV poles, medication
carts, and infusion pumps, were found to be contaminated. Among wards, the highest
level of contamination was found in the medical area, followed by emergency and surgical
wards. A substantial amount of antibiotic-resistant microorganisms was detected, including
methicillin-resistant Staphylococcus aureus, vancomycin-resistant enterococci, multidrug-
resistant Acinetobacter baumannii and carbapenem-resistant Enterobacteriaceae. The presence
of these microorganisms on particularly critical surfaces and in critical wards poses a
serious risk. Monitoring environmental contamination could help identify critical issues
and assess the necessity of improving environmental disinfection protocols in addition to
the well-known procedures for preventing healthcare-associated infections.

Keywords: hospital microbiota; microbiological monitoring; hospital environment contam-
ination; ESKAPEE pathogens

1. Introduction

Healthcare settings such as hospitals and long-term care facilities provide ideal ecologi-
cal niches for resistant organisms because of high antimicrobial drug consumption, frequent
invasive procedures, and overcrowding [1]. Recently, the concept of “hospital microbiota”,
defined as the community of microorganisms present in the hospital environment, and
their relationships with healthcare-associated infections (HAIs), has been studied in the
international literature [2]. In these settings, the interaction among patient risk factors,
environmental reservoirs, and healthcare practices sustains transmission chains that are
challenging to interrupt once established [3].
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A small but critical group of bacterial pathogens, designed in 2017 by the World Health
Organisation (WHO) with the acronym ESKAPE (Enterococcus faecium, Staphylococcus au-
reus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
spp.), disproportionately drives the burden of HAIs and antimicrobial resistance (AMR)
in hospitals. This acronym was subsequently updated to ESKAPEE (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
Enterobacter spp. and Escherichia coli) [4]. These species combine multiple resistance mech-
anisms with traits that favour their persistence and spread in the hospital environment,
including biofilm formation and prolonged survival on inanimate surfaces [5-8]. For these
reasons, they are frequent causative agents of the main device- and procedure-related HAIs,
such as central-line-associated bloodstream infections (CLABSIs), ventilator-associated
pneumonias (VAPs), catheter-associated urinary tract infections (CAUTIs), and surgical
site infections (SSIs) [9].

Many conventional and unconventional hospital surfaces can harbour ESKAPEE
pathogens and could act as potential sources of HAls. In this context, so-called high-
touch surfaces play a particularly crucial role [10-14]. The proven survival of microbes
on surfaces provides the basis for their cross-transmission between patients, healthcare
workers (HCWs) and the environment, with HCWs’ and patients” hands playing a primary
role [15].

In view of the above, environmental sanitation plays a crucial role in preventing and
containing HAIs [16,17]. For this reason, this procedure was categorised as one of the
eight Standard Precautions for Infection Prevention and Control (IPC), along with other
cornerstones of infection prevention, including hand hygiene and the use of personal
protective equipment (PPE) [18]. However, despite being a crucial component of IPC,
environmental hygiene can be greatly hindered by many factors, such as variability in
disinfectant purchasing, the composition of surface materials and their compatibility with
the chemical products used, the concentration and contact time of disinfectants, and the
training /turnover/shortage of cleaning personnel [19-21]. Therefore, adherence to sani-
tation practices can vary considerably across facilities and over time, often deteriorating,
especially when monitoring is poor or staffing is constrained. Consequently, monitoring ad-
herence to cleaning protocols and assessing the efficacy of hospital sanitation can contribute
greatly to managing HAISs, as highlighted by recent scientific evidence [22-24].

International recommendations for hospital sanitation monitoring involve different ap-
proaches, such as visual checks, adenosine triphosphate (ATP) bioluminescence, the use of
fluorescent markers and microbial sampling [23,25]. Some key practices include the proper
disposal of hazardous medical waste posing an infection risk (needles, sharps, and con-
taminated items in general), defined cleaning protocols (frequency, products, high-to-low
surfaces, and specific equipment), staff training, and the establishment of national stan-
dards/accountability for consistent, high-quality environmental hygiene to prevent HAIs.

Despite all this evidence, methods for verifying environmental sanitation in healthcare
facilities are not routinely integrated into performance dashboards because of challenges
related to various methods that can potentially be used, a lack of human and economic
resources, a lack of standardised metrics, and the complexity of linking cleaning to infec-
tion outcomes.

In the light of the above, this study was structured as a descriptive analysis character-
ising the hospital microbiota, with an evaluation of strains potentially able to cause HAIs
on various hospital surfaces, which could represent a potential risk if the well-established
good practices and rules are not followed. Accordingly, the study aims to demonstrate
that microbiological monitoring of the hospital environment could represent a tool to
map the environmental microbiological profile of various wards and assess infection risk
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by identifying areas requiring improvement, thereby complementing well-established
ICP programmes.

2. Materials and Methods
2.1. Setting

We conducted a retrospective laboratory-based observational study at the University
Hospital “G. Martino” in Messina, Italy, covering the 2-year period from 1 January 2024 to
31 December 2025. The research was based on the collection and analysis of environmental
microbiological monitoring data from hospital surfaces. The Messina University Hospital
is a large acute-care healthcare facility with approximately 600 beds for ordinary and
day hospital /surgery admissions, and 24 operating rooms, encompassing all the major
medical and surgical disciplines. This healthcare facility records an average of more than
30,000 hospital admissions per year. This number includes both patients admitted for
ordinary admissions and those admitted to the Day Hospital and Day Surgery units across
the hospital’s various departments.

2.2. Sampling Strateqy and Site Selection

In accordance with our hospital procedures, environmental samplings are carried
out by our Hospital Hygiene Operative Unit in two different ways: routinely, at regular
intervals (specifically, every 2 months, alternating between operating rooms and patient
rooms in the various wards) and upon specific request following the detection of an “alert”
microorganism by the Clinical Microbiology Unit. These latter controls are particularly im-
portant because they are closely linked to the detection of an infection caused by pathogens
internationally recognised as posing a particular risk to patients, HCWs, or the community
because of their high virulence, contagiousness, and/or AMR [26]. Specifically, in operating
rooms, both air and surfaces are sampled, while in wards, surfaces and HCWs’ hands are
checked. The three primary outcomes are to quantify surface contamination, expressed
as colony-forming units (CFUs) per 100 cm? (CFU/100 cm?) for surfaces and CFU per
1000 L (CFU/m?) for air; to assess the frequency of ESKAPEE detection among isolates;
and to evaluate critical issues requiring improvement, such as contamination of “critical”
surfaces in “critical” settings.

We normally perform these controls to evaluate the need to implement sanitation
procedures in hospital environments where necessary, and/or to trace possible chains of
transmission in the event of an outbreak.

In operating rooms, surfaces are sampled according to the Italian national guideline
on “Safety and Hygiene Standards in Operating Room” [27]: the surgical bed, surgical
instrument table, and surgical light are routinely sampled, with additional surfaces varying
according to the operating room sampled (e.g., monitors, desktops, and medication carts).
Air samples are actively collected before (“at rest”) and during (“operational”) surgical
activity using a sampler (SAS, Surface Air System), that actively draws in a known volume
of air (500 mL/5 min). The collected air is directed onto a Plate Count Agar (PCA) plate,
because the analysis is purely quantitative.

In wards, particularly high-touch and near-patient surfaces inside patient rooms are
sampled (e.g., bed rails, over-bed tables, infusion pumps, door handles, call buttons, and
taps) soon after sanitation procedures. In addition, surfaces in medication rooms (e.g.,
medication carts, taps, medicine cabinet handles) and HCWs’ hands, with or without
gloves, are checked during daily caregiving activities.
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2.3. Environmental Surface Sampling

Surface sampling is performed using contact slides and/or sterile swabs. Both materi-
als are purchased by Liofilchem S.rl. (Roseto degli Abruzzi, TE, Italy). Contact slides are
ready-to-use double-sided devices with two different media coated onto a plastic support.
Specifically, three different types of contact slides are used:

= Contact slide with PCA + 2,3,5-Triphenyltetrazolium Chloride (TTC) + Neutralising
for total bacterial count, and Vogel-Johnson Agar for the detection of Staphylococ-
cus spp.;

»  Contact slide with Cetrimide Agar + Neutralising for the detection of Pseudomonas
spp., and Rose Bengal Caf Agar + Neutralising for yeasts/moulds;

»  Contact slide with Violet Red Bile Glucose Agar (VRBG agar) + Neutralising for the
detection of Gram-negative bacteria, and Bile Esculin Agar (BEA) + Neutralising for
Enterococcus spp.

For the collection technique, both sides of the slide are pressed lightly onto the surface
to be examined for 10 s. The slides are then incubated at 37 °C for 48-72 h. Each side of the
slide covers a 10 cm? surface; therefore, the result, expressed as CFU/100 cm?, is multiplied
by 10. Slides are particularly suitable for flat surfaces.

For the swab technique, a sterile swab pre-moistened with neutralising buffer (e.g.,
lecithin, polysorbate, and sodium thiosulfate) is rubbed over the surface using vertical, hor-
izontal, and diagonal strokes with uniform pressure for approximately 10-15 s. Specifically,
a 10 x 10 cm area on each surface is delimited using a sterile template. The swabs are then
transported at 2-8° C to the laboratory within 2 h. After vortexing, aliquots of the eluates
are plated onto the culture media detailed below. Swabs are used particularly for irregular
surfaces to which contact slides could not be applied.

2.4. Culture Media, Incubation Conditions and Interpretation of the Results

After sampling, swabs are plated on the following media: PCA for total aerobic
bacterial count, Mannitol Salt Agar (MSA) for staphylococci, MacConkey Agar (MCA)
for Enterobacterales and other Gram-negative bacteria, Bile Esculin Azide Agar (BEAA)
for enterococci, and Sabouraud Dextrose Agar (SDA) for yeasts/moulds. Each plate
type is incubated under standard aerobic conditions at the appropriate temperature and
duration according to the medium class; plates are read at 24 h and re-examined up to
48-72 h when indicated. For quantitative results, CFU were enumerated and normalised
to CFU /100 cm?. Specifically, for operating rooms, positivity is established according to
the guidance provided by the already cited national guidelines [27] (>16 CFU/100 cm?
for total bacterial count, whereas even a single colony of an ESKAPEE microorganism
is to be considered a positive result). The same guideline establishes for air samples a
non-conforming result following to the detection of <35 CFU/m? and <180 CFU/m? for
“at rest” and “operational” samplings, respectively. As regards wards, there is not a specific
guideline and, as this is a qualitative descriptive study whose main aim is to reconstruct
the hospital microbiota, even a single colony of a microbial strain was taken into account as
an indicator of the circulation of that strain within the hospital.

2.5. Isolate Identification and Antimicrobial Susceptibility Testing (AST)

Representative colonies from distinct morphotypes and all presumptive ESKAPEE
organisms were subcultured for identification and AST, which were performed using
VITEK® 2 Compact (bioMérieux, Marcy-1Etoile, France) with the appropriate identification
(ID) and AST cards containing antibiotic dilutions optimised for the breakpoints defined by
the European Committee on Antimicrobial Susceptibility Testing (EUCAST). Specifically,
we used GP ID CARD and AST-P659, GN ID CARD, AST-N397 and AST-N439, and YST ID
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CARD and AST-YS08 to identify and test the susceptibility /resistance patterns of Gram-
positive bacteria, Gram-negative bacteria, and yeasts, respectively.

2.6. Statistical Analysis

All the data obtained by the surveillance were analysed using Prism 4.0 software.
Descriptive statistics were used to calculate mean values, standard deviations, percentage
values and A variations.

3. Results
3.1. Overall Samplings

During the 2-year period under consideration, a total of 1122 environmental samplings
were carried out. The details are summarised in Table 1.

Table 1. Summary of samplings performed in the two-year period under study.

TOTAL 2024 2025 A%
870 (77.5%) 405 (46.5%) 465 (53.5%) +14.8%
Samplings in Operating Rooms
TOTAL 2024 2025 A%
373 (42.9%) 192 (51.5%) 181 (48.5%) —5.7%
Samplings in Wards
TOTAL 2024 2025 A%
497 (57.1%) 213 (42.9%) 284 (57.1%) +33.3%
Routine controls in wards
TOTAL 2024 2025 A%
116 (23.3%) 64 (55.2%) 52 (44.8%) —18.7%
Controls in wards following alert report
TOTAL 2024 2025 A%
381 (76.7%) 149 (39.1%) 232 (60.1%) +55.7%
TOTAL 2024 2025 A%
252 (22.5%) 132 (52.4%) 120 (47.6%) —9.1%
“At rest”
TOTAL 2024 2025 A%
144 (57.1) 72 (50.0%) 72 (50.0%) 0%
“Operational”
TOTAL 2024 2025 A%
108 (42.9%) 58 (53.7%) 50 (46.3%) —13.8%

The table shows the total number of samplings performed, first divided into sur-
face and air samplings. Surface samplings were further divided into those performed in
operating rooms and wards. The latter were further divided into routine controls and
controls following an alert report. Notably, the number of surface samples collected in
wards increased owing to a marked increase in controls conducted following an alert report.
Specifically, Table 2 shows the percentage of the alert reports received by our operational
unit, divided by notifying ward and presented in descending order.
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Table 2. Percentage of alert reports received by the Hospital Hygiene Operative Unit in the period
under study.

Intensive Care Unit (ICU) 17.0%
Oncology 10.6%
Emergency Medicine 10.0%
Internal Medicine 7.3%
Neurosurgery 6.5%
Infectious Diseases 5.6%
Liver Diseases 5.0%
Paediatrics 4.7%
Haematology 3.5%
Neurology 2.6%
Neonatal Intensive Care Unit 2.6%
Nephrology 2.6%
Pulmonology 2.3%
Oncology Surgery 2.3%
Geriatrics 2.3%
Gastrointestinal Surgery 2.1%
Vascular Surgery 2.1%
Paediatric Gastroenterology 1.8%
Cardiology 1.8%
Inflammatory Bowel Disease 1.8%
Paediatric Surgery 0.9%
Urology 0.9%
Emergency Surgery 0.6%
Orthopaedics 0.6%
Gastroenterology 0.3%
Thoracic Surgery 0.3%
Gynaecology 0.3%
Allergic Diseases 0.3%
Maxillofacial Surgery 0.3%
Plastic Surgery 0.3%
Paediatric Emergency 0.3%
General Surgery 0.3%
Otolaryngology 0.3%

The table shows that the units most affected by infections caused by alert microorgan-
isms were those caring for particularly susceptible and vulnerable patients. Notably, when
the percentage values for individual notifying units were grouped by area, the medical area
accounted for the highest proportion of notifications (52.5%), followed by the emergency
(29.9%) and surgical (17.6%) areas.

https://doi.org/10.3390/pathogens15090904


https://doi.org/10.3390/pathogens15090904

Pathogens 2026, 15, 904

7 of 22

3.2. Sampled Surfaces

Overall, 4187 surfaces were tested. The details are summarised in Table 3.

Table 3. Summary of surfaces sampled in the two-year period under study.

TOTAL 2024 2025 A%

4187 1934 (46.2%) 2253 (53.8%) +16.5%
Samplings in Operating Rooms

TOTAL 2024 2025 A%

1130 (27.0%) 591 (52.3%) 539 (47.7%) —8.8%
Samplings in Wards

TOTAL 2024 2025 A%

3057 (73.0%) 1343 (43.9%) 1714 (56.1%) +27.6%
Routine controls in wards

TOTAL 2024 2025 A%

1246 (40.8%) 622 (49.9%) 624 (50.1%) +0.3%
Controls in wards following alert report

TOTAL 2024 2025 A%

1811 (59.2%) 721 (39.8%) 1090 (60.2%) +51.2%

The table shows a marked increase in the number of surfaces tested in wards, especially
those sampled during controls following an alert report, in parallel with the increase in
sampling described above.

Regarding the positivity rate, no positive results were detected on surfaces in operating
rooms. For air samplings, 21.0% (53/252) of samples had non-conforming results, of which
64.1% (34/53) were samples collected “at rest” (these non-conforming samples represented
22.9% (33/144) of all “at rest” air samplings) and 35.9% (19/53) were samples collected in
the “operational” way (during the surgical activity) and representing 18.5% (20/108) of the
totality of “operational” samples.

Conversely, 732/3057 (23.9%) sampled surfaces from wards tested positive, with
very similar positivity rates for the two types of controls. Specifically, 285/1246 (22.9%)
surfaces tested during routine controls were positive, compared with 447 /1811 (24.7%)
during controls following an alert report. However, a temporal difference in positivity
rates was observed between the two types of controls. Specifically, for routine controls,
positivity decreased from 194/622 (31.2%) surfaces in 2024 to 91/624 (14.6%) in 2025
(A% = —53.2%). Conversely, for controls following an alert report, the positivity rate
remained stable, with 176/721 (24.4%) surfaces testing positive in 2024 and 271/1090
(24.9%) in 2025 (A% = +2.0%).

We therefore assessed the positivity rate for the various Operative Units, calculated
as the number of times they tested positive divided by the number of times they were
sampled. The results, in descending order of positivity, are shown in Figure 1.

Figure 1 shows a clearly higher positivity rate in wards belonging to the medical
area (X = 42.5% =+ 17.1), followed by surgical (X = 29.6% =+ 6.9) and emergency wards
(x=27.9% £ 10.2).

Likewise, we then calculated the positivity rate for individual surfaces as the number
of times they tested positive divided by the number of times they were sampled. The
results, in descending order of positivity, are shown in Figure 2.
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Figure 1. Percentage of positivity of the sampled Operative Units.
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Figure 2. Absolute numbers and percentage values of positivity per surface in two kinds of control:
routine and following an alert report.
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The figure shows that near-patient surfaces (bed rails and bedside tables) were overall
more frequently positive than other surfaces. However, particular attention should be
given to some critical high-touch surfaces (IV poles, infusion pumps, cradles, medical
equipment, and medication carts), which, despite having lower overall positivity rates,

’

can represent important sources of cross-contamination and infection. Regarding HCWs
hands, we found a low positivity rate, with coagulase-negative staphylococci (CoNS) being
detected most frequently.

3.3. Detected Microbial Strains

Overall, 954 microbial strains were detected, with a marked difference among genera
and species. Specifically, Gram-positive bacteria accounted for the vast majority of isolates
(70.1%, 669/954), followed by Gram-negative bacteria (23.9%, 228/954) and yeasts/moulds
(6.0%, 58/954, of which 24 were yeasts and 34 were moulds). Details of the detected isolates
are shown in Figure 3.

Percentage of detection

0 5 10 15 20 25 30 35 40 45

Staphylococcus spp. | E—— 122
Enterococcus spp. mm— 27.9
Acinetobacter baumannii complex N 9.3
Klebsiella pneumoniae ssp pneumoniae A 8.1

Pseudomonas spp. R 4.2

Aspergillus spp. W 3.6
Candida spp. WR 2.5

Escherichiacoli W 1.3

Enterobacter cloacae 1 0.5

Microbial strain e Controls following Total Percentage rate of
Controls(n°) | analertreport(n®) detection (n°) detection (%)

182 221 403 422
74 192 266 27.9
Klebsiella
pneumoniae ssp 28 50 78 8.1
neumoniae
TOT 342 612 954

Figure 3. Absolute numbers and percentage rate of detection per single microbial strain.

Among Gram-positive bacteria, Staphylococcus spp. accounted for 60.2% (403/669),
followed by Enterococcus spp. with 39.8% (266/669). Among Staphylococcus spp., the
detected species, in descending order of detection, were S. haemolyticus (48.6%, 196/403),
S. capitis (14.4%, 58/403), S. aureus (8.7%, 35/403), S. hominis (8.7%, 35/403), S. warneri
(8.2%, 33/403), S. auricularis (5.5%, 22/403), S. saprophyticus (2.9%, 12/403), and S. cohnii ssp.
cohnii (2.9%, 12/403). Among Enterococcus spp., the detected species, in descending order
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of detection, were: E. faecium (72.2%, 192/266), E. faecalis (22.2%, 59/266) and E. durans
(5.6%, 15/266).

Regarding Gram-negative bacteria, Acinetobacter baumannii complex was the only
species detected within the genus Acinetobacter. Similarly, Klebsiella pneumoniae ssp. pneu-
moniae, Escherichia coli and Enterobacter cloacae were the only species detected within their
respective genera of the Enterobacteriaceae family.

Among yeasts, Candida spp. was the only genus detected, with C. albicans accounting
for 58.3% (14/24) followed by C. parapsilosis with 41.7% (10/24). Notably, no strain of
Candidozyma auris was detected. Finally, a remarkable mention has to be made for Aspergillus
spp, of which A. niger, A. fumigatus and A. flavus accounted for 61.8% (21/34), 23.5% (8/34)
and 14.7% (5/34), respectively.

3.4. Antimicrobial Resistance Rate

To evaluate the presence and spread of the well-known ESKAPEE pathogens causing
HAISs in the hospital environment, we evaluated the resistance/sensitivity patterns of the
detected strains and their presence in various wards.

Figure 4 shows the overall antibiotic resistance detected in Gram-positive and Gram-
negative bacteria to the antibiotics tested.
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Figure 4. Overall antibiotic resistance in Gram-positive (a) and Gram-negative (b) detected bacteria.
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Interestingly, the detected Gram-positive bacteria showed a much lower mean level of
resistance, at 39.1% =+ 27.0 (min. 2.2%, max 100%), compared with Gram-negative bacteria,
which showed a mean level of 72.5% + 20.9 (min. 5.6%, max 89.5%).

We then evaluated resistance to the different antibiotic classes tested. The results are
shown in Table 4.

Table 4. Overall percentage of resistance shown by detected microbial isolates towards tested
antibiotics, grouped by class and in descending order of resistance.

PENICILLINS 81.6% =+ 6.2

Amoxicillin-Clavulanic Acid 88.2% MACROLIDES 61.8%
Piperacillin/Tazobactam 83.3% Erythromycin 61.8%
Oxacillin 73.3%
FLUOROQUINOLONES 79.6% =+ 8.6
Ciprofloxacin 88.2%
Levofloxacin 71.0%
CO-TRIMOXAZOLE 46.6%
LINCOSAMIDES 76.5%
Clindamycin 76.5%
CEPHALOSPORINS 74.4% &+ 22.5
Cefoxitin 100% FUSIDIC ACID 37.1%
Cefotaxime 89.5% RIFAMPICIN 31.4%
Cefepime 89.5% o
Ceftazidime 88.9% TETRACYCLINE 25.7%
Ceftolozane/Tazobactam 66.7% GLYCOPEPTIDES 25.2%
Ceftazidime/Avibactam 52.6% Teicoplanin 25.2%
Ceftaroline 33.3% Vancomycin 25.2%
CARBAPENEMS 73.1 4 0.4 OXAZOLIDINONES 10.0%
Meropenem 73.5% Linezolid 10.0%
Imipenem 72.7% LIPOPEPTIDES 3.9% =+ 1.7
AMINOGLYCOSIDES 69.3% =+ 15.7 Colistin 5.6%
Tobramycin 82.4% Daptomycin 2.2%
Amikacin 72.2%
TIGECYCLINE 3.8%

Gentamicin 53.3%

The table shows high mean levels of resistance (higher than 60%) for the main and
broad classes of antibiotics, with some differences among the various members of each
class. This was especially evident for cephalosporins, for which the highest levels of
resistance were detected for older molecules belonging to the second and third generations,
while lower levels were found for molecules combined with beta-lactam inhibitors and for
those belonging to the fifth generation. Low levels of resistance were detected for highly
specific agents such as glycopeptides, linezolid, colistin, daptomycin and tigecycline, which
are used much less frequently on an empirical basis and are therefore less subject to the
development of resistance.

Finally, considering individual genera and species, the results are shown in Table 5.
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Table 5. Percentage of resistance (absolute numbers) divided by detected strains and tested antimicrobials.
GRAM-POSITIVE BACTERIA
FOX OXA CFT GEN LEV DA ERY LZD DAP TEC VAN TET TGC FA RIF SXT X
S aureus 100% 100% 34.3% 31.4 65.7% 65.7% 34.3% 0.0% 0.0% 0.0% 0.0% 314 0.0% 60.0% 343 286 o
: (35/35)  (35/35)  (12/35)  (11/35)  (23/35)  (23/35)  (12/35)  (0/35) (0/35) (0/35) 0/35)  (11/35)  (0/35  (21/35)  (12/35)  (10/35) 0%
CoNS 75.3% 56.2% 0.0% 40.5% 100% 76.6 63.3 41% 0.0% 8.7% 8.7% 25.0 0.0% 32.3% 29.1 258% 4,
(277/368) (207/368)  (0/368)  (149/368) (368/368) (282/368) (233/368) (15/368)  (0/368)  (32/368) (32/368)  (92/368)  (0/368)  (119/368) (107/368) (95/368) 7
Enterococcus 50.0% 0.0% 27.8% 27.8% 11.6% o
Spp. /1 /7 /1 /T assjee) !/ /7 (0/266) 1T a6y aree) ! @ijee) !/ /1 /1 234%
GRAM-NEGATIVE BACTERIA
AMC TZP CTX CAZ CZA CT CEF IPM MER AMK GEN TIP CYP cs SXT " X
A. baumannii 100% 100% 100% 100% 100% 100% 7.7% 100% .
complex /1 /7 /7 /7 /7 /7 /7 (94/94)  (94/94)  (94/94)  (94/94)  (94/94)  (94/94)  (7/94)  (94/94) 88.5%
fs' PHEUTHOTHAE g7 20, 87.2% 88.5% 87.2% 56.4% 71.8% 88.5% 66.7% 66.7% 61.5% 38.5% 78.2% 78.2% 0.0 44.9% 6.8
pniﬁmom'ae (68/78)  (68/78)  (69/78)  (68/78)  (44/78)  (56/78)  (69/78)  (52/78)  (52/78)  (48/78)  (30/78)  (61/78)  (61/78)  (0/78)  (35/78) ©%
Pseudomonas /7 32.5% /7 32.5% 17.5% 12.5% 30% 7.5% 7.5% 25.0% 25.0% 22.5% 17.5% 0.0% /7 19,2
spp- (13/40) (13/40)  (7/40) (5/40)  (12/40)  (3/40) (3/40)  (10/40)  (10/40)  (9/40) (7/40) (0/40) =
E coli 41.7% 8.3 33.3% 25,0% 0.0% 8.3 25.0% 0.0% 0.0% 83 16.7% 16.7% 41.7% 0.0% 33.3% 1720
' G/12) (/12 @/12 (/12 0/12) (/12  @¢/12)  (0/12)  (0/12) (/12 (/12 (/12  (/12) (/12  (4/12) e
E cloncae 100.0%  66.7% 66.7% 66.7% 66.7% 66.7% 66.7% 0.0% 0.0% 333 66.7% 66.7% 333 0.0 // 0.5
' (3/3) (2/3) @2/3) 2/3) @2/3) (2/3) (2/3) (0/3) 0/3) (1/3) (2/3) (2/3) (1/3) 0/3) :
YEASTS
FCZ VRC CAS MFG X
. 35.7% 0.0% 0.0% 0.0% )
C. albicans (5/14) (0/14) (0/14) (0/14) 8.9%
o 0.0% 0.0% 0.0% 0.0% )
C. parapsilosis (0/10) (0/10) (0/10) (0/10) 0.0%

Legend: FOX = cefoxitin, OXA = oxacillin, CFT = ceftaroline, GEN = gentamicin, LEV = levofloxacin, DA = clindamycin, ERY = erithromycin, LZD = linezolid,
DAP = daptomycin, TEC = tecoplanin, VAN = vancomycin, TET = tetracycline, TGC = tigecycline, FA = fusidic acid, RIF = rifampicin, SXT = co-trimoxazole,
AMC = amoxicillin-clavulanic acid, TZP = piperacillin-tazobactam, CTX = cefotaxime, CAZ = ceftazidime, CZA = ceftazidime-avibactam, CT = ceftolozane-
tazobactam, CEF = cefepime, IPM = imipenem, MER = meropenem, AMK = amikacin, TIP = tobramycin, CYP = ciprofloxacin, CS = colistin, FCZ = fluconazole,

VRC = voriconazole, CAS = caspofungin, MFG = micafungin, X = mean value, // = no data.
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3.5. Methicillin-Resistant Staphylococcus aureus (MRSA) and Methicillin-Resistant
CoNS (MR-CoNS)

S. aureus accounted for only 8.7% of detected staphylococci. However, all the detected
strains were methicillin-resistant (100%, 35/35). The strains were detected exclusively on
near-patient surfaces such as bed rails and bedside tables. No MRSA was detected on
medical equipment or HCWs” hands. All strains were also resistant to clindamycin and
levofloxacin but susceptible to vancomycin (no VISA or VRSA were detected), teicoplanin,
and tigecycline. The wards where these strains were detected belonged predominantly to
the medical area (80.0%, 28/35) specifically Internal Medicine (40.5%, 11/28), Geriatrics
(36.2%, 10/28) and Oncology (23.3%, 7/28). In the surgical area (20%, 7/35), MRSA was
isolated in Thoracic Surgery (57.1%, 4/7) and Orthopaedics (42.9%, 3/7). No strains were
detected in emergency area wards.

A mention has to be made of CoNS, as they were resistant to methicillin in 53.3%
(207/368) of cases. Specifically, 78.6% (154/196) of detected strains of S. haemolyticus,
68.6% (24/35) of S. hominis, 39.4% (13/33) of S. warneri and 27.6% (16/58) of S. capitis
were methicillin-resistant. No methicillin-resistance was detected in S. auricularis and
S. cohnii ssp cohnii. Like MRSA, MR-CoNS were detected predominantly on near-patient
surfaces in more than the half of cases [33.3% (69/207) and 28.5% (59/207) in bed rails and
bedside tables, respectively]. However, unlike MRSA, a certain amount of MR-CoNS was
detected on some “critical” surfaces, such as IV poles (18.8%, 39/207), infusion pumps
(11.1%, 23/207) door handles (4.8%, 10/207) and storage carts (2.9%, 6/207). CoNS were
also detected on HCWs’ hands, and a small proportion (26.7%) of them were MR-CoNS,
specifically S. haemolyticus and S. capitis. MR-CoNS were detected predominantly in wards
in the medical area (47.6%, 99/207), specifically Oncology (58.6%, 58/99), Internal Medicine
(14.1%, 14/99), Haematology (14.1%, 14/99) and Neurology (13.1%, 13/99). In the surgical
area, the percentage of detection was 28.6% (59/207) and, specifically, the involved wards
were General Surgery (50.9%, 30/59), Orthopaedics (25.4%, 15/59), Otolaryngology (15.3%,
9/59) and Neurosurgery (8.5%, 5/59). Finally, 23.8% (49/207) of MR-CoNS were detected in
emergency area wards, specifically in Emergency Medicine (71.4%, 35/49), the ICU (20.4%,
10/49) and the paediatric ICU (8.2%, 4/49). It should also be noted that 8.7% (32/368) and
41% (15/368) of the isolates showed resistance to vancomycin and linezolid, respectively.

3.6. Vancomycin-Resistant Enterococci (VRE)

VRE accounted for 27.8% (74/266) of all detected enterococci. All strains were VR-E.
faecium. They were isolated exclusively from near-patient surfaces [bed rails 40.5% (30/74),
tables 39.2% (29/74) and bedside tables 20.3% (15/74)]. Regarding wards, 60% (44/74)
were detected in medical units [Internal Medicine 47.7% (21/44), Paediatrics 31.8% (14/44)
and Haematology 20.5% (9/44)] and 40% (30/74) were detected in emergency units (all
in Emergency Medicine). No VRE were isolated from surgical wards. All VRE were
susceptible to linezolid.

3.7. Multidrug-Resistant (MDR) Acinetobacter baumannii

Acinetobacter baumannii complex represented the third most frequently detected mi-
crobial strain overall and the most frequently detected Gram-negative species. The most
concerning finding regarding this species was its almost complete resistance to all the
antibiotics tested. In particular, 100% (94/94) of the isolates were resistant to carbapenems,
aminoglycosides, fluoroquinolones and trimethoprim-sulfamethoxazole. However, only
7.7% (7/94) of strains were resistant to colistin. Notably, these strains were detected on
near-patient surfaces [bed rails 46.8% (44/94) and bedside tables 26.6% (25/94)] but a
substantial number (20.2%, 19/94) were detected on IV poles. Moreover, 6.4% (6/94) were
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isolated from storage carts. For this strain as well, medical area wards were the most
affected (46.6%, 44/94), with Internal Medicine ranking first (45.5%, 20/44), followed by
Neurology, Hepatology, Pulmonology and Infectious Diseases, all at 13.7% (6/44). Surgical
and emergency wards each accounted for 26.6% (25/94), with Neurosurgery (75.2%, 19/25)
and Oncology Surgery (24.8%, 6/25) in the surgical area and Emergency Medicine (75.2%,
19/25) and the ICU (24.8%, 6/25) for the emergency area.

3.8. Carbapenem-Resistant Enterobacteriaceae (CRE)

CRE were detected in different wards and on different surfaces. In particular, all CRE
strains were Klebsiella pneumoniae ssp. pneumoniae, as neither the detected Escherichia coli
nor Enterobacter cloacae were resistant to carbapenems. Specifically, 66.7% (52/78) of the
detected K. pneumoniae strains were resistant to carbapenems. These strains were isolated
from near-patient surfaces [75.0% (39/52) bed rails and 17.3% (9/52) bedside tables], while
7.7% (4/52) were detected on IV poles. Moreover, the most affected wards were those
belonging to the medical area (75.0%, 39/52), followed by emergency wards (17.3%, 9/52)
and surgical wards (7.7%, 4/52). Specifically, in the medical area, the wards involved
were Geriatrics (33.3%, 13/39), Oncology (23.1%, 9/39), Internal Medicine (12.8%, 5/39),
Neurology (10.3%, 4/39), Hepatology (10.2%, 4/39) and Infectious Diseases (10.3%, 4/39).
The emergency wards involved were Emergency Medicine (66.7%, 6/9) and the ICU (33.3%,
3/9). Finally, in the surgical area, 75.0% (3/4) of strains were detected in Neurosurgery and
25.0% (1/4) in General Surgery.

3.9. MDR-Pseudomonas aeruginosa

Pseudomonas aeruginosa represented only a small proportion (17.5%, 7/40) of all species
belonging to the genus Pseudomonas spp. The other species detected were P. putida (32.5%,
13/40), P. fluorescens (22.5%, 9/40), P. stutzeri (15.0%, 6/40) and P. oryzihabitans (12.5%, 5/40).
These bacteria were predominantly on taps (42.5%, 17/40) but also on some near-patient
surfaces, such as bed rails (25.0%, 10/40), bedside tables (20.0%, 8/40) and tables (12.5%,
5/40). A very small proportion (5.0%, 2/40) was detected on HCWs’ hands, with P. aerugi-
nosa accounting for 100% of these isolates. P. aeruginosa strains showed substantial levels of
antibiotic resistance, with 71.4% (5/7) resistant to piperacillin-tazobactam and 42.9% (3/7)
resistant to carbapenems. Conversely, the other detected species did not show an important
level of antibiotic resistance and were susceptible to most of the antibiotics tested.

3.10. Candida spp.

Candida spp. was the only genus of yeasts detected. Bed rails (41.7%, 10/24) and tables
(25.0%, 6/24) were the most common surfaces from which these microorganisms were
isolated, but some isolates were also recovered from medication carts (16.7%, 4/24) and
medical equipment (16.7%, 4/24). Regarding antifungal resistance, only 20.8% (5/24) of
strains were resistant to fluconazole, while no resistance to voriconazole, caspofungin and
micafungin was detected. The resistant strains were detected on bedrails in the ICU and
Emergency Medicine.

4. Discussion

A large body of scientific evidence has demonstrated the role of the contaminated
hospital environment as a source of dangerous pathogens causing HAIs [28,29]. In this
setting, complex mechanisms of cross-contamination occur between inanimate surfaces,
HCWs, and patients. In this dangerous game, HCWs” hands undoubtedly play a crucial
role, becoming contaminated and, in turn, contaminating patients, surfaces and medical
devices [30]. For this reason, hand hygiene and environmental sanitation in healthcare
facilities are considered the cornerstones of HAI prevention and the most cost-effective
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interventions [31]. However, the potential role of microbiological monitoring of the hospital
environment in HAI prevention is still not universally recognised.

This study examined how monitoring microbiological contamination of the hospital
environment could play a supplementary role in helping to combat HAIs, by providing a
plausible picture of the actual level of microbiological contamination, including ESKAPEE
microorganisms, within a large acute-care hospital. Defining the environmental distribution
and resistance landscape of such organisms within the hospital could provide indirect
evidence of the need to implement environmental sanitation protocols and, above all, help
identify areas of concern that may require action.

In our setting, surgical rooms consistently showed an absence of microorganisms on
the surfaces tested, reflecting the great care taken with these particularly critical environ-
ments. However, this does not mean that operating rooms are completely safe, given the
inherent limitations of environmental sampling, such as random and occasional surface
testing. Unlike surface samples, a certain percentage of air samples had non-conforming
results. This finding could probably be closely related to a failure to maintain the ventilation
system properly and some poor practices that we encountered during our checks in the
operating rooms, such as keeping the doors open during surgical procedures, thereby
impairing the filtering function of the HEPA system within the rooms, and overcrowding
because of an occasionally excessive number of team members and, above all, students.
This result must be carefully considered, given that air quality without microbiological
contamination has been shown to be essential in preventing SSIs [32].

A completely different approach is required for patient care areas, which were often
found to be heavily and dangerously contaminated. A particularly concerning result
was the marked increase in alert notification occurring in the last year, which may be
an indirect sign of the high incidence of HAIs and potential cross-contamination due to
environmental circulation of ESKAPEE pathogens. This increase could be due to a decline
in the adoption of well-known best practices that are effective in reducing HAIs. To address
this significant issue, our healthcare facility has launched a programme of training events
aimed at all professionals involved in the HAI prevention, during which, amongst other
information, we presented our findings on hospital microbiological monitoring. We believe,
in fact, that one potential use of such research is to serve as a basis for raising awareness
amongst healthcare professionals about the importance of adopting appropriate preventive
measures. As emphasised by previous evidence, health education is one of the cornerstones
that a healthcare facility can use to improve HCWs’ awareness of HAIs [33,34]. This
research can therefore serve as a valuable tool for health education and the promotion
of a safety culture, helping to enhance knowledge and, above all, raise awareness that
ESKAPEE microorganisms can be found in large numbers in the hospital environment
and can therefore be easily transmitted to patients during routine care activities if the
appropriate precautions are not taken.

One particularly important finding was that the average positivity rate remained fairly
constant over the 2 years. However, the difference in positivity rates between the two
types of control (showing a sharp decline for routine controls and, conversely, an increase
for controls following an alert) demonstrates how infected patients can contaminate their
immediate surroundings [35]. Indeed, one of the main safeguards in HAI prevention is
the physical or, at the very least, functional isolation of infected patients, with possible
cohorting and the correct application of contact precautions [36]. During our control activi-
ties, we observed that these recommendations were often not fully followed, and this may
explain the increase in the positivity rate reported in 2025, which coincided with the marked
increase in alert notifications. An infected or contaminated patient cared for without ap-
propriate contact precautions can easily contaminate the hospital environment. This gap
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was particularly evident in wards belonging to the medical area, such as Internal Medicine,
Gastroenterology, Geriatrics, and others, where we detected higher overall positivity rates.
This finding may be due to particular conditions, among which, overcrowding could play
a leading role. These wards are often crowded with not only inpatients and healthcare pro-
fessionals but also relatives and medical and nursing students, as our facility is a university
hospital. Besides being a source of microorganisms, overcrowding in a medical ward can
lead to failures to adhere to basic best practices, potentially resulting in inadequate clean-
ing, contaminated shared equipment, and breakdowns in hand hygiene [37,38]. Moreover,
we believe that an excessive number of inpatients constantly present in medical wards
may exacerbate chronic staff shortages, both among healthcare staff—resulting in a lower
HCW-to-patient ratio—and among staff dedicated to environmental sanitisation, which
may be a critical factor in the development of HAIs [39,40].

Regarding the positivity rate detected on surfaces, our results are in line with interna-
tional scientific evidence showing that near-patient and high-touch surfaces, such as bed
rails and bedside tables, are particularly likely to be contaminated and can therefore serve
as sources of infection through cross-contamination, transferring microorganisms to HCWs’
hands or directly to patients and driving the spread of HAIs [41,42]. At the same time, some
“critical” items such as medication carts, IV poles, infusion pumps, and medical equipment
tested positive in a certain proportion of cases. These surfaces may pose a greater risk of
cross-contamination than others, as they are frequently touched by healthcare staff [43-45].

Overall, a wide variety of microorganisms were detected on the various surfaces
sampled. Of these, Gram-positive species such as staphylococci and enterococci were
by far the most prevalent. These microorganisms frequently colonise human skin and
are therefore indicative of human-associated contamination of the environment. One
particularly interesting finding was the low prevalence of S. aureus compared with CoNS.
This may be because CoNS constitute the vast majority of normal human skin flora and
are continuously shed onto hospital surfaces, making them ubiquitous throughout clinical
environments. This finding is in line with previous evidence showing that CoNS are
by far the most detected species on hospital environmental surfaces, owing in part to
their ability to form resistant biofilm, and can be transferred to patients, causing severe
infections [46—48]. Among Gram-negative species, the well-known A. baumannii complex,
K. pneumoniae ssp. pneumoniae and Pseudomonas spp. were the most frequently detected,
confirming the well-known ability of these microorganisms to spread, colonise, and persist
on hospital surfaces [49-51]. Finally, fungal pathogens should also be noted; we detected
yeasts of the genus Candida and moulds of the genus Aspergillus. Fungi are widespread
in hospital environments and can cause important HAIs, especially in particularly fragile
patients [52,53].

One of the most important aims of such research was to analyse the spread of
antimicrobial-resistant strains within the hospital environment in order to assess the risk to
which patients are exposed. In this regard, it is important to consider the significant level
of antibiotic resistance found in Gram-negative species, which were significantly more
resistant than Gram-positive strains. This finding is consistent with the scientific evidence,
as it is well-known that Gram-negative bacteria are more capable of developing resistance
to antibiotics than Gram-positive bacteria because of their structural characteristics and
genetic plasticity [54,55]. Regarding resistance to the antibiotic classes tested, our findings
were fairly predictable, given the widespread use in hospitals—particularly for empirical
treatment—of the main classes of antibiotics and, within each class, of the compounds
that have been in use for the longest time (for example, amoxicillin-clavulanic acid for
penicillins, or first- and second-generation compounds for cephalosporins) [56].
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Among Gram-positive bacteria, our attention focused on methicillin-resistant strains
of staphylococci and vancomycin-resistant strains of enterococci. Over the years, staphy-
lococci have become one of the most common groups of microorganisms responsible for
HAIs at different body sites and have, over time, developed a significant degree of resis-
tance to antibiotics [57-59]. Furthermore, they are capable of forming biofilms on surfaces
and medical devices, thereby enabling them to survive for long periods in the hospital
environment [60]. It should be emphasised that these strains have shown a significant level
of resistance to anti-MRSA antibiotics such as vancomycin and linezolid, a finding in line
with previous evidence [61,62]. Widespread contamination of the hospital environment
by MDR-CoNS is considered a concern not only because these bacteria are able to form
biofilms and cause HAIs but also because of their ability to act as reservoirs of resistance
genes that can be transferred to other bacteria, such as S. aureus and enterococci [63,64].

Among enterococci, the most critical concern is the acquisition of vancomycin
resistance, especially by E. faecium, which is one of the most important ESKAPEE
pathogens [65,660]. Studies have shown the spread of these microorganisms within hos-
pitals and their ability to survive on surfaces and devices for long periods. VRE have
been shown to survive on dry inanimate surfaces for 5 days to more than 4 months and
on certain fabrics and medical equipment for up to 3 years [67,68]. In our setting, VRE
represented about one-third of all the resistant entericocci and were detected especially
on near-patient surfaces, again indicating the key role played by contaminated /infected
patients in spreading pathogens. Their detection in the environment of emergency wards is
a particularly critical issue, given the high susceptibility of inpatients to developing HAIs
in these settings.

Among Gram-negative species, A. baumannii complex was confirmed as the most
prevalent and antibiotic-resistant Gram-negative environmental bacterial species, in line
with the international literature [49,69,70]. Another significant finding was K. pneumoniae
ssp. pneumoniae, which is now a major cause of infections caused by CRE [71]. The most
significant concerns for both these bacteria were their high resistance to the antibiotics tested
and, above all, the surfaces and wards where they were detected. It is worth emphasising
their presence on particularly critical surfaces such as IV poles and medication carts, from
which they can easily contaminate HCWs” hands and, consequently, patients. Furthermore,
their presence in high-risk wards, particularly ICUs, makes them a serious threat. Both these
ESKAPEE pathogens can survive for long periods on dry hospital surfaces. In particular, A.
baumannii complex has been shown to have a particularly long survival time in the hospital
environment [7].

In light of the above, it is clear that the hospital environment can be extensively
and dangerously contaminated by ESKAPEE pathogens; for this reason, it is essential to
rethink and emphasise the role of environmental sanitation processes in HAI prevention, as
indicated by international evidence [72,73]. However, it has recently been highlighted that
microbial resistance to disinfectants is spreading globally, and this could represent a new
challenge in HAI prevention [74,75]. One possible solution could be the use of alternative
disinfectant systems, such as probiotic-based systems, as a possible alternative to standard
chemical disinfection. In fact, probiotic-based sanitation systems have been shown to reduce
pathogenic colonisation on hospital surfaces by up to 90%. By using eco-friendly detergents
containing Bacillus spores, these biological cleaners suppress harmful microbes through
resource competition and the release of antimicrobial metabolites while preventing the
emergence of drug-resistant strains [76,77]. Another particularly interesting area of research
is the study of innovative materials with intrinsic antibacterial and anti-biofilm properties
for use in the manufacture of surfaces and, above all, medical devices. Such materials
would be capable of preventing microbial adhesion and, consequently, the formation
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of dangerous biofilms, thereby making medical devices resistant to contamination by
pathogenic species [78-81].

5. Conclusions

Microbiological monitoring of the hospital environment proves to be a valuable source
of information regarding the characterisation of hospital microbiota and, especially, the
presence and circulation of ESKAPEE pathogens within the hospital, making it possible to
identify critical areas within wards and the surfaces that are most heavily contaminated
and, therefore, pose the greatest risk to vulnerable patients. This practice also helps
to identify where action is needed by enhancing sanitisation procedures and, above all,
encouraging appropriate behaviour by healthcare staff. For these reasons, this practice
could complement the existing prevention procedures in various ways, adding a further
element to the ongoing fight against AMR and HAIs.

6. Limitations of the Study

This research has some limitations that have to be considered. Firstly, it was a descrip-
tive, single-centre, retrospective study with a mix of routine and alert-triggered investi-
gations. Furthermore, environmental microbiological tests were performed randomly in
limited areas of the environment, providing only a partial picture of the actual level of
environmental contamination. In addition, culture methods can inherently show some
heterogeneity depending on the expertise and experience of the person taking the sample
and the person analysing it in the laboratory. Finally, the lack of molecular comparison
with clinical isolates and the absence of patient HAI outcomes limit the generalisability of
the research.
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