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Background: Surface pathogens in the ICU pose a global public health threat, especially to elderly patients who are immunocom-
promised. To detect these pathogens, unbiased methods such as metagenomic next-generation sequencing (mNGS) are increasingly 
utilized for environmental microbiological surveillance.
Methods: In a six-month study from January to July 2022, we investigated microbial communities in Chinese geriatric ICUs by 
regularly monitoring multiple surfaces at three-month intervals. Using mNGS sequencing, we analyzed microorganisms present at 
eight specific locations within the ICU. Additionally, we compared pathogen profiles and drug resistance genes between patient 
cultures and environmental samples collected during the same period.
Results: The microbial composition remained relatively stable over time, but significant differences in alpha diversities were observed 
among various surfaces such as floors, hands, pumps, trolleys, and ventilator inlets/outlets. Surfaces with high contact frequency for 
healthcare workers, including workstations, ventilator panels, trolleys, pumps, and beds, harbored pathogenic microorganisms such as 
Acinetobacter baumannii, Cutibacterium acnes, Staphylococcus haemolyticus, Pseudomonas aeruginosa, and Enterococcus faecium. 
Acinetobacter baumannii, particularly the carbapenem-resistant strain (CRAB), was the most frequently identified pathogen in 
geriatric ICU patients regardless of testing method used. The mNGS approach enabled detection of viruses, fungi, and parasites 
that are challenging to culture. Additionally, an abundance of drug resistance genes was found in almost all environmental samples.
Conclusion: The microbial composition and abundance in the ICU remained relatively constant over time. The floor exhibited the 
highest microbial diversity and abundance in the ICU environment. Drug-resistant genes in the ICU environment may migrate between 
patients. Overall, mNGS is an emerging and powerful tool for microbiological monitoring of the hospital environment.
Keywords: geriatric intensive care unit, environmental microorganisms, mNGS, infection and prevention and control, hospital- 
acquired infections

Introduction
The intensive care units (ICU) environmental microbial communities are highly diverse, consisting primarily of various 
bacterial and archaeal phyla, as shown by the 16S study.1 Microorganisms found in hospital environments primarily 
originate from human skin or outdoor air, and can include potential human pathogens as well as beneficial microorgan-
isms with positive effects on the host.2

Although the ICU is typically subject to more stringent decontamination procedures than other parts of the hospital, 
patients with severe illnesses still contract hospital-acquired infections in the ICU.3 Improving disease infection manage-
ment in hospitals, particularly in geriatric ICUs, is crucial. The risk of nosocomial secondary infections in geriatric ICU 
patients is progressively severe as they age due to co-morbidities, thymic atrophy insufficiency, and weakened 
T-lymphocyte proliferative response. In fact, infection is the leading cause of death for one third of individuals aged 
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65 and over.4 Current nosocomial infections are caused by several factors, including inadequate disinfection and 
sterilization of instruments, partial aerosol transmission of pathogenic bacteria, insufficient disinfection of pathogens 
in the environment, neglect of hand hygiene and medication-related factors, while hospital environmental surfaces can be 
neglected due to their non-living hosts.5

Previous studies typically monitored bacterial community characteristics in ICUs using 16S rRNA sequencing or 
culture methods.6 While 16S rRNA sequencing cannot accurately predict pathogenic strains, it has confirmed the 
presence of hospital-acquired bacteria and common opportunistic pathogens such as Acinetobacter, Burkholderia, 
Propionibacterium, and Escherichia, many of which were previously isolated from human clinical samples.7 Culture- 
based studies have identified the most common intestinal flora, including the Proteobacteria, in the ICU, indicating the 
direct presence of microorganisms in patients and the environment through the flow of healthcare workers or visitors.8 

Escherichia coli, Staphylococcus aureus, and Klebsiella are frequently reported pathogens in long-term hospitalized 
patients.9 Skin-associated genera, such as Propionibacterium, Corynebacterium, Streptococcus, and Staphylococcus, are 
frequently deposited through skin contact due to their presence on healthcare workers’ hands and high abundance on 
hospital equipment surfaces.6 However, these genera are also commensal species for many healthy populations. These 
findings emphasize the importance of environmental monitoring in the ICU. Additionally, the proportion of nosocomial 
infections caused by multidrug-resistant organisms in the ICU is increasing, which limits treatment options and results in 
longer hospital stays, higher mortality rates, and increased costs.10 A study demonstrated that 40% of hospital wards had 
environmental contamination with multidrug-resistant bacteria, with Vancomycin resistant Enterococcus (VRE) being the 
most common.11 Furthermore, some nasal pathogens of drug-resistant microorganisms can persist on dry surfaces, such 
as Methicillin-resistant Staphylococcus aureus (MRSA). BlaKPC-carrying Klebsiella pneumoniae was cultivable on 
plastic and steel for up to 5 to 6 days.12 The prolonged survival of drug-resistant bacteria increases the likelihood of 
contaminated sites acting as sources of transmission.

Our study utilized Metagenomic next-generation sequencing (mNGS) methodology to monitor microbial commu-
nities on different surfaces within the geriatric ICU for six months. The primary objective was to describe the microbiota 
dynamics within various environments. Next-generation sequencing technology provides a greater understanding of the 
entire geriatric ICU microbial community and a new perspective on the hospital environment. It can vastly improve 
monitoring and guide medical processes for rational disinfection, providing a solid foundation for effective prevention, 
control, and management of hospital infections.

Materials and Methods
Study Design and Sample Collection

1. From January 2022 to July 2022, geriatric ICU patients were selected every three months from a tertiary 
hospital in Yunnan Province, China. Sampling sites included medical workstation (healthcare professionals 
perform various tasks and activities related to patient care, reviewing medical records and monitoring vital 
signs.), healthcare workers’ hands (the hands of healthcare personnel who come into contact with patients and 
various surfaces within the ICU), beds (ICU beds include attachments for medical equipment and monitoring 
devices), trolley (a mobile cart used for transporting medical supplies, medications, and equipment within the 
ICU.), infusion pumps (devices used for delivering fluids, medications, or nutrients directly into a patient’s 
bloodstream in a controlled manner, which the nurses have the most daily contact with), respiratory machine 
panels (parameters like oxygen concentration and ventilation rate can be managed through the panels, one 
patient disposable sticker to prevent cross contamination), respiratory machine inlets and outlets (inlets 
connect to oxygen or air sources, while outlets expel exhaled gases from the patient’s respiratory system, it 
is a single-use plastic product), and floors (the horizontal surface of the ICU beneath patients, healthcare 
workers, and equipment, floors can accumulate microorganisms and require regular cleaning and disinfec-
tion). The images were labeled as workstation, hands, bed, trolley, pump, ventilator panel, ventilator inlets 
and outlets and floor. The number 1 indicates that the sample was collected in January; the number 2 indicates 
that the sample was collected in April; the number 3 indicates that the sample was collected in July. The 
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sampler wore sterile gloves and wiped the selected area surface. A clean, double-ended sterile cotton swab 
was rotated onto the surface for 10 times, then immediately placed in a sterile, water-soaked centrifuge tube. 
All samples were stored at −80°C. The samples were transported to the laboratory and stored on dry ice until 
DNA extraction. (2) A retrospective statistical analysis was performed comparing the pathogenic microbial 
spectrum detected by mNGS in clinically diagnosed patients between January 2022 and July 2022 with the 
results of various specimens culture during the same period to determine the pathogenic microbial spectrum 
and drug resistance phenotype. This study was approved by the Ethics Committee of First Affiliated Hospital 
of Kunming Medical University (2022-L-50). The guidelines outlined in the Declaration of Helsinki were 
followed and legal representatives of all patients signed the informed consent before participation.

Sample Processing and Sequencing
1.2 mL of swab soaking solution was taken and placed into a 2 mL shaking tube for cell disruption. The NGS Automatic 
Library Preparation System was used for both DNA extraction and library preparation. Different reagents were used 
based on the type of sample, including those from the Nucleic Acid Extraction Kit (Cat#MD013, Hangzhou Matridx 
Biotechnology Co., Ltd.) and Total DNA Library Preparation Kit (body fluid samples) (Cat# MD001T, Hangzhou 
Matridx Biotechnology Co., Ltd.). The pooled library was sequenced using the 75 bp single-end sequencing kit (KAPA 
Library Quantification Kits) on the Illumina NextSeq 550.13 The qualified result for each sample is no less than 15M 
reads and Q30≥90%. Negative control samples were processed and sequenced in parallel during each sequencing run for 
quality control.14

Bioinformatics Analysis
Bowtie215 was used for mapping reads, followed by removal of adapter sequences and low-quality reads. Reads 
with a final length less than 50bp were removed as well as human host sequences [mapped to human reference 
genome hg19 (GRCh38.p13 https://www.ncbi.nlm.nih.gov/assembly/2334371), only unique mapped reads were 
selected). Non-human reads were classified using Kraken216 with comparison to the NCBI nt.17 Any inconsisten-
cies between Kraken2 and Bowtie2 were validated using BLAST. Species annotation was performed using Kraken2 
and a self-built microbial nucleic acid database with filtering of bacterial, fungal, archaeal, and viral sequences 
from the NCBI nt and RefSeq18 whole genome database. The Bracken19 was used for estimation of species 
abundance in the sample. Bray-Curtis Alpha and beta diversity analyses were performed using Vegan20 and 
Ggplot221 packages in R (version 3.6.1) based on species abundance table for sample clustering analysis. LEfSe 
biomarker analysis was performed using the online website https://github.com/biobakery/lefse for mining differ-
ences in species composition and functional composition between the samples based on grouping information for 
different time points and sampling positions. The microbial taxa that demonstrated significant differences (using the 
Kruskal–Wallis Rank-Sum test) among the groups of samples were visualized. Spearman correlation analysis was 
performed using the Corrplot (https://cran.r-project.org/web/packages/corrplot/index.html) package in R. CARD 
(http://arpcard.mcmaster.ca) database was used for analysis of antibiotic resistant gene fragments in the samples. 
Heatmap was plotted by https://www.bioinformatics.com.cn (last accessed on 20 Feb 2023), an online platform for 
data analysis and visualization. All statistical tests were two-sided, and *P < 0.05 was considered statistically 
significant.

Data Availability
Metagenomic sequencing data (FASTQ files) have been deposited in the National Center for Biotechnology Information 
Sequence Read Archive as BioProject PRJNA 994670.
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Results
Samples and Sequencing Results
Twenty-four surface samples were collected from eight designated areas within the ICU, medical workstation, healthcare 
workers’ hands, beds, trolley, infusion pumps, respiratory machine panels, respiratory machine inlets and outlets, and 
floors (Figure 1). Each location was sampled in January, April and July 2022, and a total of 24 samples were sequenced. 
The sequencing of the samples generated a total of 334,996,101 reads, with an average of 13,958,171±6,714,317 reads 
per sample. To objectively evaluate the issues of daily cleaning and the microbial ecosystem of the ICU environment, no 
targeted cleaning was performed prior to or after sampling. We consequently analyzed each sample’s microbial 
composition and compared the microbial communities at different times within each region and between different 
regions.

Microbial Composition in Geriatric ICU
The species classification results of 24 samples indicate that microbial communities’ composition varies among different 
samples at the species level, as illustrated in Figure 2A. Mainly bacteria and fungi, the top 10 microbial species identified 
from surface swab samples of the geriatric ICU environment are Cutibacterium_acnes, with the highest average relative 
abundance. Subsequently, Acinetobacter baumannii, Moraxella osloensis, Pseudomonas aeruginosa, Staphylococcus 
epidermidis, Malassezia restricta, Ralstonia_mannitolilytica, Chryseobacterium indologenes, Staphylococcus hominis, 
Acinetobacter johnsonii, and Klebsiella pneumoniae were identified. Cutibacterium acnes accounted for an average of 
27.04%, 13.7%, and 14.2% in the first, second, and third samplings, accounting for each percentage, respectively. We 
calculated the correlation between samples using the Spearman correlation coefficient, which was based on the relative 

Figure 1 Surface samples were collected from eight designated areas within the ICU and Complete mNGS assay workflow.
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abundance of each species. The results showed a positive correlation between samples in the ICU environment 
(Figure 2B). These correlations reflected the associations between sampling locations, as evidenced by a significant 
positive correlation between bed1 and floor1 (r = 0.601, P<0.05). Additionally, we observed a strong correlation between 
hand samples hand2 and hands3 (r=0.689, P<0.05), possibly due to frequent contact with medical workstations. 
Furthermore, hands3 showed a significant positive correlation with Workstation3 (r=0.64, P<0.05), indicating potential 
transmission between them. Trolley2 and Ventilator panel2 also showed a significant positive correlation (r=0.606, 
P<0.05). Hierarchical clustering analysis of the top 30 taxa in all samples revealed no clustering based on sampling 
location over time (Figure 2C). Samples of hands, ventilator panel, and trolley clustered together in the first sampling in 
January 2022, while workstation and floor samples from three different time points clustered together based on their 
species composition. There were variations in species abundance at different locations in terms of taxonomic diversity as 
illustrated in Figure 2D. On the bed surface, Acinetobacter baumannii (23.72%) was the most abundant species; on the 
floor, Moraxella osloensis (31.27%) was the most abundant; on respiratory machine inlets and outlets, Luteibacter 
anthropi (26.30%) was the most abundant; on the hands, Cutibacterium acnes (43.18%) was among the three most 
abundant species; on the infusion pump, Cutibacterium acnes (16.38%) was the most abundant species; on the trolley, 
Acinetobacter baumannii (14.54%) was the most abundant species; on the respiratory machine panel, Cutibacterium 
acnes (25.86%) was the most abundant species, and at the workstation, Acinetobacter baumannii (38.76%) was the most 
abundant species. In general, highly abundant species in the geriatric ICU environment were mostly common opportu-
nistic pathogens like Acinetobacter baumannii, Enterococcus faecium, and Klebsiella pneumoniae. The proportion of 
human skin commensal bacteria was relatively high, such as Cutibacterium acnes, Malassezia furfur, Moraxella 
osloensis, Candida albicans, and Staphylococcus epidermidis. Bacteria and fungi dominated the environment, but we 
also found a small number of viruses enriched in the ICU environment, like Betapapillomavirus, Human papillomavirus, 
Human alphaherpesvirus, Human gammaherpesvirus 4, and Human polyomavirus. Most of the other viruses in the 
environmental samples were phages from the intestinal flora, such as the uncultured Caudovirales phage, which may be 
related to the progression of liver cancer and cirrhosis.22 Probably due to the presence of abundant opportunistic 
pathogenic bacteria in the ICU environment, the viral species are also mostly corresponding phages, such as 
Staphylococcus phage derived from coagulase-negative staphylococci,23 Pseudomonas phage, Klebsiella phage, 
Acinetobacter phage, Faecalibacterium virus, Streptococcus phage, Lactococcus phage. There is also Torque teno 
virus, which marks the patient as immunocompromised.24

Figure 2 Pathogenic microbial community composition in different locations of the geriatric ICU. (A) The distribution plot of relative abundance at the species level. (B) 
Spearman correlation coefficients among ICU environment samples. (C) Heat map of clustering of ICU environmental samples. (D) Plots of the top 10 percentages detected 
at different sampling locations.
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We assessed whether there were temporal changes in the microbial community of the geriatric ICU using alpha 
diversity analysis at the species level based on the Shannon index. Sampling took place every three months, and there 
was no appreciable impact of time on the environmental microbial diversity across the three samplings, as the difference 
was not statistically significant (p>0.05). Furthermore, we observed no significant differences in alpha diversity, 
determined by abundance, between January and April (p=0.1469), January and July (p=0.2371), and April and July 
(p=0.7751) (Figure 3A). Our beta diversity investigation showed no significant changes in microbial composition among 
different months and sampling locations (p > 0.01) based on comparisons performed using nonmetric multidimensional 
scaling (NMDS) analysis (Figure 3B). However, alpha diversity analysis suggested significant variations in Shannon’s 
index between different sampling points, with notably higher indices for the floor, infusion pump, and small trolley 
locations compared to other sites (Figure 3C). The two-dimensional stress value was 0.0648, indicating reliable results, 
since stress values less than 0.2 are considered dependable (Figure 3D).

Linear Discriminant Analysis Effect Size (LEfSe) was used to compare microbial compositions between two groups 
in order to determine specific major microbiota at different sampling sites. Ultimately, 22 taxa were identified as 
significantly discriminative for the floor vs hands vs pump (Figure 3E), with Bacteroidia, Bacteroidales, 
Sphingomonas echinoides, Ophiocordyceps, Ophiocordyceps sinensis, and Sphingomonas guangdongensis being the 
major enriched taxa in the pump, Gleimia europaea, Patulibacter minatonensis, Megasphaera elsdeni, Pseudomonas 
dryadis, Methyloversatilis thermotolerans, Citrobacter koseri, Solirubrobacter, Solirubrobacteraceae, Stappia indica, 
Microbacterium mangrove, Thermomicrobia, Exophiala lecanii corni, and Sphingobium cloacae being the major 
enriched taxa in the hands, and Burkholderia stabilis, Luteibacter, and Luteibacter anthropi being more abundant in 
the floor samples (Figure 3G). For the inlet outlet vs trolley, 16 taxa were identified as significantly discriminative 
(Figure 3F), with Actinobacteria, Propionibacteriales, Cutibacterium, Acinetobacter johnsonii, Micrococcales, 
Micrococcaceae, Lactobacillus crispatus, Cutibacterium namnetense, Leuconostocaceae, Leuconostoc, and 
Leuconostoc lactis being the major enriched taxa in the inlet outlet, and Mycobacteriaceae being more abundant in 
the trolley (Figure 3H).

Analysis of the Pathogenic Profile of Patients in the Same Period
During the first seven months of 2022, mNGS testing was performed on samples collected from 17 geriatric ICU 
patients (Figure 4A), the mean age of the 17 samples was 58.47, with a median age of 64 (Supplementary 1). The 
samples included bronchoalveolar lavage fluid (8 cases), peripheral blood (5 cases), cerebrospinal fluid (3 cases), and 
ascites (1 case). Acinetobacter baumannii was detected in three cases, making it the bacteria with the highest detection 
frequency. Escherichia coli was found in two cases. Each of the fungi, Candida albicans and Pneumocystis jirovecii, 
were detected twice. In terms of viruses, Human betaherpesvirus 6B, Human gammaherpesvirus 4 (Epstein-Barr 
virus), Human betaherpesvirus 5 (cytomegalovirus), Human alphaherpesvirus, and Human alphaherpesvirus 1 were 
detected. Interestingly, Balamuthia mandrillaris, a clinically rare parasitic organism, was detected in the cerebrospinal 
fluid.

In the meantime, ninety suspected infection cases were sent to our hospital’s laboratory for culture examination, 
resulting in the isolation of pathogenic bacteria (Figure 4B), the mean age of the 90 samples was 64.91, with a median 
age of 65. Among them, Acinetobacter baumannii had the highest detection rate in geriatric ICU patients in both culture 
and mNGS testing. The commonly found and easily cultivated pathogenic bacteria, such as Klebsiella pneumoniae, 
Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli were identified from the cultures. As the 
respiratory system is a semi-open environment with numerous commensal microorganisms or opportunistic pathogens, 
bronchoalveolar lavage fluid and sputum samples were selected for analysis due to their higher positivity rates in both 
culture and mNGS testing. Compared to culture, mNGS identified more herpes viruses, non-culturable fungus 
Pneumocystis jirovecii, Ureaplasma urealyticum and parasitic Balamuthia mandrillaris. Blood culture is typically 
informative in identifying the causative agent but peripheral blood mNGS can also detect viruses such as cytomegalo-
virus and Epstein-Barr virus, which may be in a latent state or activate during periods of immunosuppression, without 
causing viral sepsis.
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Figure 3 Microbial diversity analysis. (A) Shannon index for different months of environmental swab samples from the geriatric ICU. (B) NMDS analysis describes the Bray- 
Curtis distance between different time based on the microecological composition of the sampling time. (C) Shannon index for different sampling sites. (D) The Bray-Curtis 
distance between different sites based on the microecological composition of the sampling location.The specific altered taxa were identified by linear discriminant analysis 
(LDA) effect size (LEfSe) analysis. The phylogenetic tree of (E) a Hands vs Pump and (F) Inlet Outlet vs Trolley in cladogram of the specific differential taxa. (G) The 
histogram of taxa with LDA scores more than 2.5 and p-value less than 0.05 among Floor vs Hands vs Pump (H). The histogram of taxa with LDA scores more than 2.5 and 
p-value less than 0.05 between Inlet Outlet vs Trolley. First refers to January, second to April, and third to July. * P < 0.05.
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Antimicrobial Resistance Gene Profiles in Geriatric ICU Microbial Community 
Samples
Environmental samples taken from the geriatric ICU were tested for antimicrobial resistance genes every three months. 
All 24 samples (100%) tested positive for at least one gene, with the intersection of antimicrobial resistance genes 
detected in three samples across eight positions shown in Figure 5A. These genes may persist on environmental surfaces 

Figure 4 Results of mNGS (A) and culture-detected (B) pathogenic microorganisms in geriatric ICU patients, January-July 2022.
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for a prolonged period. Among the samples, bed contained ErmC, ErmB, ErmX, mecR1, mecA, and mecI, while hand 
samples had ErmX alone. Trolley contained ErmC, mecR1, mecA, CfxA2, tet(W/N/W), mecI, sul1, tetQ, ErmX, tetM, and 
sul2. Workstation had tetW, ErmC, mecR1, mecA, CfxA2, OXA-195, ErmF, tetQ, ErmX, and tetM. Floor had the largest 
number of antimicrobial resistance genes, including vanHM, mecR1, tet(W/N/W), sul1, Erm(36), sul4, sul2, ErmC, ErmB, 
mecA, aadA17, NDM-6, mecI, IMP-9, IMP-26, tetQ, ErmX, and tet. Pump contained ErmC, mecA, and ErmX, while sul1, 
ErmC, mecR1, mecA, and ErmX were found on ventilator panel samples, and ventilator inlet-outlet had the ErmX. The 
ErmX was found on the surfaces of all eight locations.Moreover, mecA and mecR1 from the Mec family were detected in 
multiple positions, signifying the prevalence of Mec in the ICU environment (Figure 5B).

During the same period, bacterial cultures from geriatric ICU patients indicated that 43 cases (47.78%) were antibiotic- 
resistant strains, with resistance genes mainly identified in blood, sputum, and broncho alveolar lavage fluid (BALF) samples 
that were evenly distributed (Figure 5C). The antimicrobial-resistant genes included Carbapenem-resistant Acinetobacter 
baumannii (CRAB), Class A carbapenemases, carbapenem-resistant Enterobacterales (CRE), Extended Spectrum Beta- 
Lactamase (ESBL), and beta-lactamases. Both Acinetobacter baumannii and Acinetobacter nosocomialis were CRAB. 
Four strains of Klebsiella pneumoniae carried both CRE and Class A carbapenemases. The main beta-lactamase-positive 
strains were Staphylococcus epidermidis, Staphylococcus aureus, and one strain of Haemophilus influenzae. Klebsiella 
pneumoniae and one strain of Enterobacter cloacae were CRE, while ESBL were mainly found in Klebsiella pneumoniae 
and Escherichia coli. Pseudomonas aeruginosa were resistant to all carbapenems (CRPA).

Discussion
Elderly patients in the ICU are susceptible to nosocomial infections due to comorbidities and immunosuppression.25,26 

Analyzing the microbial community on non-living surfaces within hospital ICU is of significant importance in understanding, 
preventing, and reducing infections among elders. In this study, we monitored the microbial community at a specific geriatric 
ICU for six months using mNGS. The findings indicate that there were negligible differences in microbial composition over 
time, implying that the microbiota present in the ICU environment was generally stable under the prevailing routine 
disinfection regime. Results revealed high abundances of Cutibacterium acnes, Acinetobacter baumannii, Moraxella osloen-
sis, Pseudomonas aeruginosa, Staphylococcus epidermidis, Malassezia restricta, and Klebsiella pneumoniae, which are 

Figure 5 Drug resistance genes detected by mNGS and cultured in samples from the geriatric ICU environment. (A) Intersection of drug resistance genes detected three 
times at different locations in the ICU environment. (B) Intersection of drug resistance genes at different locations. (C) Heatmap of resistance results from patient samples in 
culture. Samples were clustered by species. Blue color is the frequency of detection. 
Abbreviations: MRSA, Methicillin-resistantStaphylococcus aureus; MRS, Methicillin-resistant staphylococci; VRE, Vancomycin-resistant Enterococci; D+, delta haemolytic- 
positivestaphylococcus; β-LAC(+), the beta lactamase(positive); ESBL(+), extended-spectrum beta-lactamases(positive); CRE, carbapenem-resistant Enterobacterales; MBLs, 
Class B metallo-β-lactamases; BLNAR, β-lactamase negative ampicillin resistant; CRPA, carbapenem resistant Pseudomonas aeruginosa; CRAB, carbapenem-resistant 
Acinetobacter baumannii.
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bacteria and fungi colonizing human skin surfaces. This finding is consistent with previous research employing 16S and ITS 
analyses, suggesting that microbial communities on environmental ICU surfaces primarily comprise microorganisms affecting 
healthcare-associated infections and skin and intestinal biota.27,28 Previous studies using 16S rRNA could only identify the 
genus level. Unlike fungi and bacteria, viruses do not have specific conservative regions, making broad-spectrum virus 
detection difficult using amplicon-based techniques.29 However, mNGS can significantly enhance taxonomic resolution, 
accuracy, and diversity of species detection.

Although the sampling of all locations was non-uniform, consistent trends were observed in many sites. Notably, the floor had 
the highest Shannon index, possibly due to its frequent use by a diverse range of individuals walking in the hospital. During the 
primary sample analysis, hand surfaces, respiratory machine panels, and trolley clustered together, displaying similar microbial 
compositions. These three sites are areas that medical staffs frequently touch, as hands, respiratory machine panels, and trolley. 
Workstations and floors also exhibited similar microbiome compositions, indicating their relative stability in fixed locations. 
Conversely, other sites experienced more significant microbial composition changes due to medical decisions and healthcare 
personnel activities. Microbial communities in bed, hands, and trolley displayed significant positive correlations, suggesting that 
microbes can migrate between high-hand-contact areas. The Shannon index was low for respiratory machine panels, and their 
correlation with other samples was weak, indicating that the present disinfection and replacement strategy for respiratory 
machine parts in the ICU is appropriate. Although many common species were found on hand surfaces, the Shannon index for 
hands remained low because of regular disinfection and hand washing by medical staff. Moreover, Lefse analysis identified 
specific microbiota found on hands that are widespread in aquatic environments, such as Sphingomonas Guangdongensis,30 

Sphingobium cloacae.31 There were also Gram-positive bacteria Gleimia europaea, which is also widely present in the human 
skin microbiota and has been reported to cause brain abscesses.32 Citrobacter koseri is a Gram-negative bacterium of the family 
Enterobacteriaceae isolated by hand and commonly found in water, soil, and human intestine,33 which causes brain abscesses,34 

skeletal muscle,35 and skin infections36 in immunocompromised populations such as neonates as a conditional pathogen. The 
fungi were Exophiala lecanii corni which infects the skin37 and cornea38 and Megasphaera elsdenii which causes endocarditis.39 

Despite strict adherence to hand hygiene protocols by healthcare personnel in the ICU, there remains a possibility of transmission 
of potentially weakly pathogenic microorganisms to bed areas and infusion pumps during medical procedures, resulting in 
infections among immunocompromised elderly patients. The detection of Ophiocordyceps sinensis specifically in infusion 
pumps can be attributed to the inclusion of certain traditional Chinese medicine preparations in medications.40 Floor specific 
isolated Luteibacter anthropi may cause blood stream infection.41 Specific isolation of multi-drug resistant Acinetobacter lwoffii 
in trolley,42 Acinetobacter are a major pathogen,43 so there is a need for improved control measures and to establish a more 
appropriate cleaning systems. Leuconostoc lactis in Trolley is commonly isolated from foods such as dairy products and is widely 
used in the fermentation industry, but is also rare in bloodstream infections,44 and is not part of the normal human flora. The 
trolley was found to contain beneficial microorganisms, including Lactobacillus crispatus, a commonly isolated beneficial 
microbe in the vaginal microbiota of healthy individuals. This particular microorganism is known for its ability to produce 
significant amounts of lactic acid, making it an effective broad-spectrum antimicrobial and immunomodulatory agent.45 The high 
abundance of Cutibacterium acnes that was detected on the trolley was likely due to frequent contact with hands. Although this 
bacterium is commonly associated with ordinary acne, it can also cause joint prosthesis infections,46 infections after implantation 
of devices in various parts of the body,47 post-brain surgery infections caused by instrument invasion,48 and even pneumonia in 
immunocompromised patients.49 Consequently, while most microorganisms commonly found in hospital environments are skin 
and mucosal commensal bacteria such as Staphylococcus epidermidis and Candida albicans, some microorganisms come from 
water sources. Even though these microorganisms are relatively weakly pathogenic, they still pose a threat to hospitalized 
patients, especially elderly patients in the ICU. Microorganisms such as bacteria, fungi, and viruses are omnipresent in the 
environment and can easily adapt to hospital environments, increasing their ability to invade the human body. The Human 
papillomavirus (HPV) was detected at low levels in almost every sampling site, with variations in pathogenicity and tissue 
specificity observed among different subtypes.50 Notably, members of the Herpesviridae family, including Human alphaher-
pesvirus types 1, 2, and 3, and 4, were frequently found in the environment. While Human alphaherpesvirus type 1, 2, and 3 
primarily infect the skin and may remain asymptomatic, rare cases have reported complications such as encephalitis in 
immunocompromised individuals.51 Detecting HSV1, HSV2, and EBV through nucleic acid is typically inconsequential, as 
their activation may be due to other diseases or a viral latent state.52 In contrast, certain types of Human polyomavirus are 
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continuously excreted in the urine or feces of infected or healthy individuals, showing moderate resistance to high temperatures, 
chlorine, ultraviolet light, and low pH values, with the DNA persisting in water for several months.53 Although human 
polyomaviruses are commonly detected in clinical mNGS, they often do not have clinical implications and may indicate 
environmental contamination or latent infections, only leading to pathogenic diseases, such as progressive multifocal leukoen-
cephalopathy (PML), under severe immunosuppressive conditions.54 Viruses exist in various forms outside their hosts, ranging 
from naked particles to those shielded in shedding tissues or corpses and over time. All of these factors impact the potential for 
viral spread from the environment. Since the emergence of COVID-19, studies regarding the virus’s half-life on the surfaces of 
inanimate objects have also escalated.55,56 Thus, understanding the viral types present in the environment and their stability in 
that environment can help refine requisite conditions to guide virus control measures. Continuing the use of newer antibiotics 
fosters the rise and spread of antibiotic resistance. It is imperative to improve control measures and raise public awareness to 
curtail the dissemination of these microorganisms in a hospital setting. For the detection of pathogenic microorganisms in 
patients, mNGS exhibits high concurrence with bacteria detected by traditional culture methods. However, it is often reserved for 
situations where patients have severe or difficult infections due to factors such as cost. MNGS can offer relatively accurate 
detection where predicting the patient’s infection status becomes impossible, such as the detection of Balamuthia mandrillaris in 
cerebrospinal fluid. While eventually diagnosed in the patient as parasitic encephalitis, mNGS still cannot replace the gold 
standard status of traditional culture methods. The pathogenic microbial spectrum from patients infected with Acinetobacter 
baumannii, Pseudomonas aeruginosa, Enterococcus faecium, and Enterococcus faecium was collected. These microorganisms 
were found to be highly detected in both patients and environmental specimens sampled concurrently. It has been suggested that 
ICU patients are at risk of exposure to microbial transmission from the environment due to the widespread detection of the MecA 
on various surfaces such as the bed, trolley, workstation, pump, floor, and even the ventilator panel. Additionally, mNGS analysis 
revealed the presence of ErmX in all sites, which primarily exists in plasmids of microorganisms such as Staphylococcus 
epidermidis, Acinetobacter baumannii, and Enterococcus faecalis,57 and can widely transfer with the proliferation of micro-
organisms. Therefore, low-pathogenicity microorganisms may potentially serve as reservoirs for antibiotic-resistant genes 
(ARGs), posing a risk for transfer to important pathogens.

In recent years, an increasing number of reports have addressed the emergence of CRAB infections.58 All 
cultured isolates of Acinetobacter baumannii were CRAB, with age being an independent risk factor for multi-
drug-resistant infections.59 Critically-ill elderly patients carry a higher risk of CRAB-induced sepsis. Longer 
hospitalization duration correlates with greater infection occurrence risk and poorer prognoses. Floor samples 
from all three locations within the ICU were positive for metallo-β-lactamase gene IMP-9, whereas work station 
samples exhibited NDM-6 and OXA-195, both of which are also metallo-β-lactamase genes.32 The abundance of 
Acinetobacter baumannii in the ICU environment can be attributed to the relatively dry air, which promotes the 
bacteria’s prolonged survival on ICU surfaces and equipment. Research suggests that roughly 40% of interactions 
between ICU patients colonized with Acinetobacter baumannii and healthcare workers have contaminated gloves 
and laboratory coats.60 Thus, the lack of treatment options for multidrug-resistant Acinetobacter baumannii 
underscores the critical role of hand hygiene and strict environmental infection control in preventing the spread 
of this almost untreatable pathogen. Due to the relatively low sequencing depth of mNGS in this study, it was not 
possible to conduct source analysis of Acinetobacter baumannii between patient and environmental samples. 
However, in the three bed samples, the average relative abundance of Acinetobacter baumannii was higher 
compared to other sampling points. The relative abundance of Acinetobacter baumannii was also higher in 
areas near patients, such as infusion pumps and trolleys (Figure 1A). Therefore, it is speculated that the pathogen 
may be transmitted between the environment and patients.

Due to its high sensitivity and lack of bias, mNGS has proven effective for identifying the species classification 
and relative abundance of microorganisms in the ICU environment. It has already been widely utilized in detecting 
clinical pathogenic microorganisms,61 with particular application in critical care medicine and respiratory fields. 
Moreover, its benefits extend to public health safety and emerging infectious disease detection. As sequencing costs 
gradually decrease and turn-around time (TAT) shortens, it is expected that mNGS will become an increasingly 
valuable tool for microbial environment monitoring within hospitals by infection prevention and control departments. 
Acinetobacter baumannii, and particularly drug-resistant CRAB, pose a prolonged threat to ICU patients while being 
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detected at high abundance within ICU environments. Consequently, pathogenic bacteria with high survival rates on 
hospital surfaces have the potential to transmit to patients after falling off, resulting in continuous transmission cycles. 
For geriatric ICU patients, it may therefore be necessary to conduct molecular diagnostic tests upon admission to 
ascertain whether Acinetobacter baumannii is carrying drug resistance genes, enabling zone-specific treatment and 
minimizing the spread of CRAB within the geriatric ICU ward. Medical equipment such as trolleys, workstations, 
infusion pumps, and flooring are highly susceptible to extensive contamination by drug-resistant microorganisms. As 
such, implementing targeted disinfection measures is essential, utilizing hospital-standard disinfectants and cleaners 
that generally demonstrate efficacy against prevalent nosocomial pathogens. Subsequently, these sites should undergo 
more thorough wiping down procedures, with sufficient contact time allowed for the disinfectants to take effect. 
Whenever possible, disposable parts for respiratory equipment should be used to mitigate the risk of cross- 
contamination. Furthermore, beds, bed linens, and shared equipment require thorough disinfection between patients. 
Despite the simplicity and importance of hand hygiene in reducing the spread of drug-resistant bacteria within the 
ICU, there can be a conflict between patient care responsibilities and devoting adequate time to meticulous hand 
hygiene.62 Consequently, establishing standards to enhance healthcare workers’ compliance with hand hygiene 
requirements is necessary.

Conclusions
The microbial composition and abundance in the ICU remained relatively stable over time, although high levels of 
hospital-acquired infection-related bacteria and fungi persisted in the ICU environment for prolonged durations, such as 
Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa. Floor exhibited the highest microbial 
diversity and abundance in the ICU environment, followed by the pump, trolley, and workstation, likely due to frequent 
medical operations and personnel activity. In contrast, the relatively high cleanliness of the ventilator panel and ventilator 
inlet outlet, which are single-use items replaced with each patient, may account for their lower microbial diversity. 
Pathogens, and even drug-resistant bacteria, could potentially spread directly between the environment and patients, as 
supported by patient cultures and mNGS results. Consequently, particular attentions should be given to disinfecting the 
pump, trolley, and workstation areas and maintaining a high frequency of hand hygiene. While the detection of drug- 
resistant genes does not conclusively indicate the presence of drug-resistant bacteria, it enhances our understanding of the 
resistance situation of ICU surface microorganisms. Considering this, it provides a theoretical foundation for the health 
management of the geriatric ICU environment.
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