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Background: As high touch wearable devices, the potential for microbial contamination of smart watches is high. In this study,
microbial contamination of smart watches of healthcare workers (HCWs) was assessed and compared to the individual’s mobile phone
and hands.

Methods: This study was part of a larger point prevalence survey of microbial contamination of mobile phones of HCWs at the
emergency unit of a tertiary care facility. Swabs from smart watches, mobile phones and hands were obtained from four HCWs with
dual ownership of these digital devices. Bacterial culture was carried out for all samples and those from smart watches and mobile
phones were further assessed using shotgun metagenomic sequencing.

Results: Majority of the participants were females (n/N = 3/4; 75%). Although they all use their digital devices at work and believe
that these devices could harbour microbes, cleaning in the preceding 24 hours was reported by one individual. Predominant organisms
identified on bacterial culture were multidrug resistant Staphylococcus hominis and Staphylococcus epidermidis. At least one organism
identified from the hands was also detected on all mobile phones and two smart watches. Shotgun metagenomics analysis demon-
strated greater microbial number and diversity on mobile phones compared to smart watches. All devices had high signatures of
Pseudomonas aeruginosa and associated bacteriophages and antibiotic resistance genes. Almost half of the antibiotic resistance genes
(n/N = 35/75;46.6%) were present on all devices and majority were related to efflux pumps. Of the 201 virulence factor genes (VFG)
identified, majority (n/N = 148/201;73%) were associated with P. aeruginosa with 96% (n/N = 142/148) present on smart watches and
mobile phones.

Conclusion: This first report on microbial contamination of smart watches using metagenomics next generation sequencing showed
similar pattern of contamination with microbes, VFG and antibiotic resistance genes across digital devices. Further studies on
microbial contamination of wearable digital devices are urgently needed.

Keywords: smart watches, mobile phones, microbial contamination, shotgun sequencing

Introduction

Healthcare associated infections (HAI) associated with multidrug resistant pathogens remain a major health concern
globally."* Healthcare workers (HCWs) may inadvertently act as vectors in the transmission of these dangerous
pathogens within the hospital setting and into the wider community. Studies using direct culture methods have
demonstrated a high occurrence of microbial contamination of mobile phones of HCWs.>’ More recently studies
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using microbial sequencing techniques including 16s rRNA and Shotgun metagenomics have demonstrated a larger
repertoire of microbes as well detection of virulence and antimicrobial resistance genes on mobile phones of HCWs. 2!
This is within the context of high utilization and limited cleaning of these devices by HCWs in the workplace.®'* These
findings support the hypothesis that these high touch surfaces represent “trojan horses” contributing to the dissemination
of pathogens.*

In today’s technologically driven society, the use of smart watches is fast becoming as ubiquitous as mobile phones.
The health and fitness applications available on these smart watches have increased their popularity in recent years as
individuals strive towards attaining a healthy lifestyle. Similar to mobile phones, these smart watches are application
(Apps) rich devices used for communication and also represent high touch surfaces. Furthermore, as they are wearable
devices, they are in close contact with the skin thus interacting with the skin microbiome and are always carried from
place to place as the wearer moves around. A bacterial culture-based study carried out in the United Kingdom before the
advent of smart watches had shown that wearing a wristwatch is associated with increased bacterial contamination of the
wrist and manipulation of the watch is associated with increased hand contamination.'*> More recently, bacterial culture
of swabs of digital wristwatches of HCWs in a healthcare facility in India revealed the occurrence of bacterial
contamination including detection of drug resistant isolates.'* Hence the potential for microbial contamination of these
devices and their role in the dissemination of microbes could be even more significant in comparison to mobile phones.
Furthermore, the link between the microbial contamination of the smart watches and mobile phones is yet to be
investigated. To address this gap in the literature, we present the first report on microbial contamination of smart watches
of HCWs using shotgun metagenomic sequencing approach as well as the comparison of patterns of contamination
detected on their mobile phones.

Materials and Methods
Study Site

This study was carried out at the Emergency care unit of Rashid Hospital, Dubai, United Arab Emirates, as part a larger
study investigating microbial contamination of mobile phones among HCWs.® Whilst we had previously published
findings on the microbial contamination of mobile phones of 35 HCWs at this facility,” the data obtained from HCWs
with dual ownership of smart watches and mobile phones was not included in that report as additional sampling was
carried out for these individuals. The Ethical approval was obtained from Dubai Scientific Research Ethics Committee,
Dubai Health Authority (REF#: DSREC-02/2021 02) and MBRU Institutional Review Board (REF#: MBRU-IRB-2020-
040) and consent was obtained from participants as per reported protocol.® The study was carried out in compliance with
the Declaration of Helsinki.

Sample Collection

As previously described,® the study was designed as a point prevalence survey and therefore a single visit to the
Emergency unit Rashid Hospital during the busy morning shift was carried out in April 2021 for the sampling. All the
HCWs on duty at the time of the visit were invited to participate. No prior notice about the visit was provided to HCWs.®
Four HCWs with dual ownership of mobile phones and smartwatches were identified during this sampling. For these
individuals, in addition to swabs from their mobile phones, we obtained swab samples from their smart watches and both
hands. Gloves were worn during the handling and swabbing of the digital devices and hands of these individuals. To
prevent cross-contamination, gloves were changed between all swabbings. Sample collection was carried out using swabs
pre-moistened with sterile normal saline and adequate contact of the applicator tip with the surfaces of the devices and
hands during sampling. Two swabs were obtained for each device. The first swab sample for downstream next generation
sequencing was placed in Zymos DNA/RNA Shield Collection Tubes (Zymos Research, Irvine CA, USA) and the second
sample which was for bacterial culture was placed in Culture Swab EZ IITM” (Becton Dickinson) tubes. All smart
watches and mobile phones sampled were flat screened without keypads. One swab sample for bacterial culture was
obtained from the hands of the HCWs. Questionnaires were administered to obtain demographic profile as well as data on
usage and cleaning of mobile phones during the work shift.
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Bacterial Culture

This was carried out as previously described.® Briefly, swabs were incubated in sterile brain heart infusion (BHI) broth
for 24-48 hours, followed by culture on blood agar, mannitol salt agar and McConkey agar plates. Bacterial identification
and antibiotic susceptibility testing were carried out using the Vitek automated method (bioMerieux Marcy L’Etoile
France). This study was carried out during the COVID-19 pandemic when heightened awareness of hand hygiene was in
place, and as previously described® the culture approach used ensured detection of low biomass of microbial contami-
nants, which might occur due to the prevailing circumstances.

Shotgun Metagenomics Sequencing

This was carried out at CosmosID Laboratories (Rockville, MD). Briefly, DNA extraction was carried out using the QIAmp™
Powersoil Pro kit (Qiagen, Hilden, Germany) and isolated DNA was quantified by Qubit (ThermoFisher, Waltham MA, USA).
Library construct, preparation and indexing were carried out as previously reported.® Sequencing was carried out on the
[lumina HiSeq 4000 platform 2x150bp (Illumina). The CosmosID bioinformatics platform was used for the multi-kingdom
microbiome analysis, profiling of antibiotic resistance and virulence genes and quantification of organisms’ relative
abundance.®® Microbial “Richness” corresponds to the cumulative amount of all distinct microbes detected across all smart
watches or mobile phones whereas the number of occurrences across these digital devices for each of these distinct microbes
are represented by Hits. Metagenomics Sequence data are available on NCBI (https://www.ncbi.nlm.nih.gov/genbank/
BioProject ID: PRINA750471).

Results

At the sampling time, all four HCWs owning both smart watches and mobile phones participated in the study. The
majority were in the 26-55 years age group with a preponderance of females (Table 1). All four of them use their
personal digital devices at work. Although all four HCWs indicated knowing that their digital devices could harbour
microbes, cleaning of devices in the preceding 24 hours had been done by only one individual. Demographic data as well
as reported usage and cleaning practices of the digital devices are found in Table 1.

The microbes detected on swabs following bacterial culture are shown in Table 2 with a predominance of multidrug
resistant Staphylococcus hominis and Staphylococcus epidermidis. For all four HCWs, at least one organism identified on
the hand swab was also detected on the mobile phone and this was true for the smart watches of two participants. For two
participants, Micrococcus luteus and Staphylococcus epidermidis which were detected on their smart watches were not
present either on their hands or mobile phones.

Table | Demographic Profile and the Mobile Phone Utilization and Cleaning Practices of Participants

shift

Digital devices used during the work
shift

Use of digital device is considered
essential for work purposes

Last time digital devices were cleaned

Preferred method for cleaning the digital
devices
Use of digital devices in the toilet

Mobile phones can harbour microbes

Mobile phone only

Yes

> 24 hours but within the
last one week
Alcohol swab/disinfectant
spray
Yes
Yes

Smart watch and
mobile phone
Yes

> | hour but within
last 24 hours
Dry cloth/ non-
disinfectant wipe
Yes
Yes

Smart watch and mobile
phone
Yes

> 24 hours but within the
last one week
Alcohol swab/disinfectant
spray
No
Yes

Study ID ER_I4 ER_27 ER_41 ER_54
Age bracket (years)* 26-55 < 25 years 26-55 26-55
Gender Male Female Female Female
Staff category Nurse Physician Physician Unspecified*
Use of digital device during the work Yes Yes Yes Yes

Smart watch and
mobile phone
Yes
No response

No response

Yes
Yes

Note: *Respondent did not indicate.
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Table 2 Distribution of Bacteria Identified by Culture-Based Methods on Swabs Obtained from the
Devices and Hands of Healthcare Workers

Study ID Microorganisms Identified on Bacterial Culture
Hand Swab Smart Watch Mobile Phone
ER_14 Aerococcus viridans Staphylococcus epidermidis Staphylococcus
Staphylococcus epidermidis epidermidis
Staphylococcus hominis
ER_27 Staphylococcus hominis Micrococcus luteus Staphylococcus
epidermidis
Staphylococcus hominis
ER_41 Staphylococcus hominis Staphylococcus epidermidis Staphylococcus hominis
ER_54 Staphylococcus hominis Staphylococcus hominis Staphylococcus hominis
Enterococcus faecalis Staphylococcus cohnii

Notes: S. hominis and S. epidermidis isolates were resistant to: benzylpenicillin, oxacillin, erythromycin, fusidic acid, tetracycline,
trimethoprim/sulfamethoxazole. E. faecalis was resistant to: gentamicin, erythromycin, tetracycline.

Shotgun metagenomics analysis showed that the average sequencing reads were 32 million and 45.3 million from
mobile phones and smart watches respectively. Across all four mobile phones and four smartwatches, the richness of 223
different bacterial strains were found (Figure 1) and corresponded to a total occurrence across all digital devices of 394
hits (235 [60%] hits on mobile phones and 159 [40%] hits on smart watches) (Table 3). Fifty-four different bacterial
strains were exclusively present on smart watches but absent on mobile phones (Figure 2). Ninety-four bacterial strains
were exclusively present on mobile phones but absent on smart watches and these were mainly associated with
proteobacteria (Figure 2).

Predominant organisms (> 3/4 of phones; hits > 75%) found on mobile phones were generally greater in number and
diversity when compared to organisms found on smart watches with the exception of Ralstonia pickettii and
Propionibacterium spp (found in only 50% and 25% of mobile phones respectively) (Figure 3A). All organisms with
high occurrence hits (> 75%) in mobile phones (Figure 3B) were not entirely correlated with high occurrence hits in
smart watches. Nine of the highest hit organisms present on mobile phones were found on only 25% of smart watches
(Figure 3B). However, Aquabacterium parvum, Pseudomonas aeruginosa and two other pseudomonas species were
present on all 4 mobile phones and 4 smart watches. S. aureus was found in three mobile phones and only one smart

watch (the mobile phone of this smart watch owner was also contaminated with S. aureus). Of note, S. hominis,
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Figure | Boxplot showing the distribution of bacterial strains identified on smartwatches and mobile phones.
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Table 3 Abundance of Microbial Diversity and Number of Genes Related to Antibiotic Resistance and Virulent Factors for Each

Participant
Study ID | Occupation Diversity of Microorganisms and Number of ARG & VFG
Bacteria Fungi Protists Viruses Phages ARG VFG

MP (SW | MP | SW | MP | SW | MP | SW | MP | SW | MP | SW | MP | SW
ER-14 Nurse 63 17 7 3 3 0 2 | 39 9 40 36 149 143
ER-27 Physician 72 17 5 3 0 0 0 0 26 9 41 36 153 145
ER-41 Physician 13 I 3 3 0 0 0 0 86 17 37 36 143 145
ER-54 Unspecified 87 114 4 6 2 0 | 2 78 82 49 64 156 185
Total 235 159 19 15 5 0 3 3 229 17 167 172 | 601 618

Abbreviations:

MP, mobile phones; SW, smart watches; ARG, antibiotic resistance genes; VFG, virulent factor genes.

S. epidermidis, S. capitis were all detected on both the smart watch and mobile phone of a single HCW. S. cohnii was

detected once from the swab of a single smart watch.

Additionally, HACEK bacteria including Haemophilus parahaemolyticus and H. parainfluenzae were found predo-

minantly on mobile phones. Haemophilus parahaemolyticus was detected in only one smart watch while

Cardiobacterium hominis was present on only one mobile phone. Acinetobacter baumannii was detected in both devices

Candidatus Saccharibacteria

Figure 2 Phylum profile of bacteria specifically detected on mobile phones or smart watches.
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Figure 3 Comparison of bacteria present on smart watches and mobile phones.

Notes: (A) Highest bacterial hits found on smart watches compared to the same bacteria found on mobile phones. (B) Highest bacterial hits found on mobile phones
compared to the same bacteria found on smart watches.
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of the same HCW owner. With regards to fungi, Basidiomycota specifically Malassezia globosa and M. restricta were
omnipresent in all smart watches and mobile phones.

A total of 121 different strains of bacteriophages were found across all smart watches and mobile phones. Figure 4
shows the distribution of bacteriophages with the most predominant hits. A total of 201 distinct virulent factor genes
were detected across all smart watches and mobile phones. Cumulative hits of virulent factors on smart watches were
greater (but not statistically significant) than on mobile phones with 618 and 601 virulence factor genes (VFGs)
respectively (Table 3). Thirty-two virulent factor genes were exclusively found on smart watches and not on phones
while only 12 virulent factor genes were present exclusively on mobile phones (Supplementary Figure 1). Majority of the
distinct VFGs (n/N = 148/201; 73%) were virulent genes associated with P. aeruginosa and most of these (n/N = 142/
148) were present on all smart watches and all mobile phones. Of the remaining six, four virulent genes (orf4, orfC,

tnpA, tpR) were present only on smart watches while int// and GI3342496 were found only on mobile phones. Virulent
genes present on all phone and watch devices included proteases inducing host immune-deregulations (aprAd gene) as
well as exoenzymes secreted by the type III secretion pathway (with the ubiquitous pathogenic exoT and exoY genes).
Additionally, genes from Pseudomonas aeruginosa were associated with biofilm formation with alginate biosynthesis
genes present in all mobile phones (4/4) and smartwatches (4/4). Four alginate switching genes were found and included
algT, mucA, mucB, mucC. Moreover, five alginate response regulator genes were also present (algB, algR, algQ, algP,
algZ) as well as 13 structural/biosynthesis alginate genes (algD, algX, algK, algFE, algG, algl, algl, algJ, algF, algA,
alg8, alg44 and algC).

Of the 75 antibiotic resistance genes detected, there was predominance of those encoding for multidrug resistance efflux
pumps (/N = 37/75; 49.3%). Antibiotic resistance genes for aminoglycosides (n/N = 13/75; 17.3%), beta lactams (n/N = 7/
75; 9.3%) and macrolides (n/N = 8/75; 10.7%) were also present along with resistance genes for bleomycin, polymyxin,
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Figure 4 Distribution of bacteriophages retrieved with the most hits.

Infection and Drug Resistance 2022:15 hetps: 5295

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=378524.docx
https://www.dovepress.com
https://www.dovepress.com

Boucherabine et al Dove

phenicols and tetracyclines. Of all the antibiotic resistant genes detected, 46.6% (n/N = 35/75) were present on all the smart
watches and mobile phones. Supplementary Figure 2 shows the heatmap map distribution of antibiotic resistant genes in

smart watches versus mobile phones. Among these 46.6% (n/N = 35/75) antibiotic resistant genes found on all digital
devices, 88% (n/N = 31/35) were exclusively associated with multidrug efflux pumps. Table 4 shows the list of multidrug
resistance efflux pumps genes omnipresent on all smart watches and mobile phones as well as the nomenclature of their
corresponding efflux pump phenotypes. The four other resistant genes not associated with efflux pumps and omnipresent on
all eight devices were the Phenicol catB7 gene, the Aminoglycoside aph3’ IIb gene and two beta lactam resistant genes (beta
lactamase blagxa.so and the Pseudomonas-derived cephalosporinase blappcs).

Additionally, 6 other efflux pumps related genes, not omnipresent to all 8 devices, were also found (of note,
one smartwatch alone was able to harbour all of these 6 genes). These genes included msrE gene (belonging to the
ABC-F ATP binding cassette efflux pump family), the Repressor-of-transcription mec/, the MDR-Efflux-pump
qgacA gene (belonging to the multidrug facilitator superfamily: MFS) found on both devices of the same owner,
the Signal-transducing-protein mecRIcmx gene (Plasmid-or-transposon-encoded-chloramphenicol-exporter) found
on one mobile phone and one smart watch of different individuals, the Repressor-of-efflux-complex phoP present

on two smart watches and finally the gene Plasmid-or-transposon-encoded-chloramphenicol-exporter cmx which

Table 4 Multidrug Resistance Efflux Pumps Genes Omnipresent on All Smart Watches
and Mobile Phones with Reported Corresponding Efflux Pump Phenotypes

Multidrug Resistant Efflux Pump Genes Detected on Corresponding Efflux
Metagenomic Profiling Pump Phenotype
Fusion Protein Inner Membrane Outer

Transporter Membrane

Channel

amrA amrB oprM AmrAB-oprM
mexA mexB oprM MexAB-oprM
mexC mexD opr| MexCD-opr]
mexE mexF oprN MexEF-oprN
(MexG) mexH mexl| opmD MexGHI-opmD
mex| NA opmH MexJK-opmH
mexM mexN oprM MexMN-oprM
mexP mexQ opmE MexPQ-opmE
triA, triB triC opmH TriABC-opmH

Table 5 Regulatory Genes for Efflux Pumps Present on Smart Watches and Mobile Phones of
Healthcare Workers

Efflux Pump Regulator MDR Efflux Pumps Drug Class Conferred Resistance
Genes (Metagenomic Resistance-
Profiling) Nodulation-Cell

Division (RND)

Repressor nalC (PA3721) and MexAB-oprM Aminoglycosides; amphenicols;
nalD (PA3574) B-lactams (except imipenem);
fluoroquinolones; macrolides;
novobiocin; sulphonamides;

tetracyclines; thiolactomycin;

tigecycline; trimethoprim

(Continued)
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Table 5 (Continued).

Efflux Pump Regulator MDR Efflux Pumps Drug Class Conferred Resistance
Genes (Metagenomic Resistance-
Profiling) Nodulation-Cell

Division (RND)

Repressor-of-efflux-complex nfxB | MexCD-opr] Chloramphenicol; fluoroquinolones;
macrolides; zwitterionic
cephalosporins; tetracyclines;

trimethoprim

Suppressor-of-MexT mex$ MexEF-oprN Chloramphenicol; fluoroquinolones;

tetracycline; trimethoprim

Sensor-protein soxR MexGHI-opmD Vanadium, norfloxacin, and acriflavin
Repressor-of-mex/K mexL MexJK-opmH Triclosan
Repressor-of-efflux-complex MexPQ-opmE Disinfecting agents and intercalating
phoP* dyes, phenicol antibiotic,

diaminopyrimidine antibiotic,

carbapenem, tetracycline antibiotic,

acridine dye, macrolide antibiotic

Note: *rhe Repressor-of-efflux-complex phoP was found uniquely in 50% of smart watches and absent from mobile
phones.

was detected on one smart watch. Metagenomic results also revealed the presence of additional genes involved in
the regulation of efflux pumps on mobile phones and smart watches of participants (Table 5).

Discussion
In this report, we present the first description of the microbial contamination of the hands, smart watches and mobile
phones of HCWs with dual ownership of these digital devices. Findings from previous studies have shown that the
culture-based approach does not demonstrate the extensive repertoire of microbial contamination on digital devices that
are detectable with use of high-throughput next generation sequencing-based approaches.®'® Therefore, in this study,
shotgun metagenomics sequencing of the swabs obtained from the smart watches and mobile phones of the HCWs was
carried out to assess the spectrum of microbial contaminants as well as to detect the presence of virulence and
antimicrobial resistance genes on these digital devices. In keeping with previous reports, the microbial identification
and profiling from the metagenomic sequencing analysis were significantly more extensive compared to findings from the
culture-based approach. Although the culture-based approach has the advantage of demonstrating microbial viability, the
ability to identify only few culturable microbes remains a limitation."*'>

In this study, findings from the culture-based approach showed similar bacteria being retrieved from the hands,
smart watches and mobile phones of the same individual, an observation seen in 75% of the participants with the
preponderant presence of Staphylococcus hominis and Staphylococcus epidermidis. This finding is in keeping with
a recent report of staphylococci spp. being detected from the palmar surfaces and corresponding mobile phones of
individuals in an urban community in Mexico.'” Other prevalent bacteria identified from culture include Aerococcus
viridans, Micrococcus luteus, Staphylococcus cohnii and Enterococcus faecalis. In addition, antimicrobial suscept-
ibility testing revealed that the S. hominis, S. epidermidis and E. faecalis isolates exhibited a multidrug resistant
phenotype. This is of concern as Staphylococcus spp and Enterococcus spp are often present in hospital settings, with
the possibility of co-colonization of patients and they contribute to occurrence of nosocomial infections.'®!? Indeed, in
a previous report on the acquisition of nosocomial pathogens after contact with environmental surfaces near patients,
S. aureus and vancomycin resistant Enterococcus were the most predominant contaminants identified.?’ Therefore, our
identification of these pathogens on the hands, smart watches and mobile phones of HCWs supports the call for the
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inclusion of sanitization of these digital devices in infection control practices alongside current hand hygiene practices
in the healthcare setting.

The shotgun metagenomic sequencing of the smart watches and mobile phones identified all the bacteria found using the
culture-based approach. However, an array of additional bacteria was identified including a high signature of Pseudomonas
aeruginosa which is in keeping with previously reported work on mobile phones of HCWs from the same facility.® The
intrinsic nature of this microbe to acquire resistance is demonstrated by the co-detection of a diversity of related antimicrobial
resistance genes. This included resistance genes to different classes of antibiotics and the resistome showed a preponderance
of genes related to efflux pumps. The ubiquitous presence of P. aeruginosa alongside related bacteriophages and antibiotic
resistance genes on the smart watches and mobile phones of HCWs is worrisome. This is also compounded by the detection
of various HACEK microorganisms including Acinetobacter baumannii which was found on both devices of a single HCW.
The presence of these pathogenic microorganisms on smart watches enhances the potential risk of dissemination because,
these wearable devices move everywhere with the wearer and thus are potential vectors for the dissemination of micro-
organisms and their related genetic elements particularly in the healthcare setting.

The existence of a diversity of microbes harbouring an arsenal of virulence and antimicrobial resistance genes on
digital devices and specifically on wearable devices as we have demonstrated is of global public health importance.
Whilst awareness of the potential role of mobile phones as “Trojan horse” for microbes is growing, this is the first report
highlighting a potential similar role for wearable devices.* This work was carried out during the COVID-19 pandemic
when heightened awareness of hand hygiene and environmental cleaning protocols was in place. The detection of
microbial contamination on these devices despite these prevailing circumstances is a concern. Therefore, sanitisation of
smart watches and mobile phones should be considered as a crucial element in infection control as contamination of these
high touch devices potentially negate the efficacy of current hand hygiene protocols. This is because these live saving
hand hygiene practices or even use of gloves are defeated if these “clean” or “gloved” hands are then immediately used to
handle contaminated smart watches and mobile phones. Beyond the healthcare setting, this threat extends into the
community'” and should be considered a potential biosecurity concern as global travel with modern transport facilitates

the ease of movement of these devices (along with their microbial contaminants) across international borders.

Conclusion

We present the first study demonstrating the link in the microbial contamination of hands, smart watches and mobile
phones of HCWs with dual ownership of these digital devices. Whilst the small number of participants in this study is
a limitation, the findings highlight the need for further studies on microbial contamination of wearable devices
particularly in the healthcare setting. In particular, such large studies will enable clustering analysis to determine the
relationships between HCWs and the microbial contaminants on their digital devices. In addition, studies to investigate
the efficacy ultra-violet C sanitizers for digital devices and the implementation of guidelines for their utilization in the
hospital and community settings are urgently needed.
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