
microorganisms

Review

Persistence of Pathogens on Inanimate Surfaces:
A Narrative Review

Jan Erik Wißmann 1,† , Lisa Kirchhoff 2,† , Yannick Brüggemann 1, Daniel Todt 1,3 , Joerg Steinmann 2,4,*
and Eike Steinmann 1,*

����������
�������

Citation: Wißmann, J.E.; Kirchhoff,

L.; Brüggemann, Y.; Todt, D.;

Steinmann, J.; Steinmann, E.

Persistence of Pathogens on

Inanimate Surfaces: A Narrative

Review. Microorganisms 2021, 9, 343.

https://doi.org/10.3390/

microorganisms9020343

Academic Editor: Clarissa J. Nobile

Received: 20 November 2020

Accepted: 1 February 2021

Published: 9 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department for Molecular and Medical Virology, Medical Faculty, Ruhr University Bochum,
44801 Bochum, Germany; Jan.wissmann@ruhr-uni-bochum.de (J.E.W.);
Yannick.Brueggemann@ruhr-uni-bochum.de (Y.B.); Daniel.todt@ruhr-uni-bochum.de (D.T.)

2 Institute of Medical Microbiology, University Hospital Essen, University of Duisburg-Essen,
45147 Essen, Germany; Lisa.Kirchhoff@uk-essen.de

3 European Virus Bioinformatics Center (EVBC), 07743 Jena, Germany
4 Institute of Clinical Hygiene, Medical Microbiology and Infectiology, Klinikum Nürnberg,

Paracelsus Medical University, 90471 Nürnberg, Germany
* Correspondence: Joerg.Steinmann@klinikum-nuernberg.de (J.S.); Eike.Steinmann@ruhr-uni-bochum.de (E.S.);

Tel.: +49-911-398-2520 (J.S.); +49-234-3223189 (E.S.)
† These authors contributed equally to this work.

Abstract: For the prevention of infectious diseases, knowledge about transmission routes is essential.
In addition to respiratory, fecal–oral, and sexual transmission, the transfer of pathogens via surfaces
plays a vital role for human pathogenic infections—especially nosocomial pathogens. Therefore,
information about the survival of pathogens on surfaces can have direct implications on clinical
measures, including hygiene guidelines and disinfection strategies. In this review, we reviewed the
existing literature regarding viral, bacterial, and fungal persistence on inanimate surfaces. In par-
ticular, the current knowledge of the survival time and conditions of clinically relevant pathogens
is summarized. While many pathogens persist only for hours, common nosocomial pathogens can
survive for days to weeks under laboratory conditions and thereby potentially form a continuous
source of transmission if no adequate inactivation procedures are performed.

Keywords: viruses; bacteria; fungi; inanimate surfaces; stability

1. Introduction

Many pathogens require a living host to survive, while others may be able to persist
in a dormant state outside of a living host. Nonetheless, all pathogens require mecha-
nisms to transfer from one host to another. Understanding how infectious pathogens
spread is critical to prevent the transmission of infectious diseases. In addition to respi-
ratory, fecal-oral and sexual transmission, the transmission of pathogens between hosts
via fomites plays an important role in the spread of infectious diseases. Surface contami-
nation has been described before [1–3] and has also been demonstrated via experimental
modelling [4–6]. Importantly, the origin of various outbreaks of infectious diseases has
been linked to fomite-mediated transmission [1,7–17]. Given that humans spend most of
their time indoors [16] and are therefore in constant contact with potentially contaminated
surfaces, detailed knowledge about the survival of pathogens on fomites plays a vital role
in the understanding—and hence control—of infectious diseases. Hygiene measures based
on this knowledge are therefore an essential part of infection prevention and are impor-
tant in lowering the risk of pathogen transmission. In particular, in hospitals and other
healthcare facilities, control of infections is mandatory to prevent nosocomial outbreaks.
Consequently, the persistence of different nosocomial pathogens on inanimate surfaces
has been extensively studied. However, the available experimental data on the survival
of different pathogens has not been summarized in recent years. The aim of this review
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is to provide a comprehensive overview of the current scientific literature and evidence
regarding the persistence of different nosocomial pathogens on inanimate surfaces.

2. Methods

We performed literature research as follows: Scientific papers on the basis of experi-
mental evidence were searched on MedLine using a combination of the following search
terms: ((persistence OR survival) AND (surface OR fomite) AND (bacteria OR virus OR
pathogen)), ((persistence OR survival) AND (surface OR fomite) AND (bacteria OR virus
OR pathogen) AND transmission)), ((persistence OR survival) AND (surface OR fomite)
AND (bacteria OR virus OR pathogen) AND nosocomial)). Additionally, as filter we used
“Species: humans”. The authors were not blinded and selected the used publications
manually. Literature research was done between January and July 2020. Furthermore,
we selected publications that appeared in citations. Only human pathogens were chosen
and clustered into DNA or RNA viruses; gram-positive, gram-negative, or other bacteria;
or fungi. The survival of pathogens was determined as follows: From every publication,
the data were extracted and clustered according to pathogen group (non-enveloped and
enveloped viruses; gram-positive, gram-negative, and other bacteria; and fungi), surface,
temperature, and relative humidity (RH). We included only studies that reported infectivity
of the examined virus—and not just polymerase chain reaction (PCR) positivity.

3. Results
3.1. Viruses

Infections of viruses can lead to a broad range of clinical courses—from asymptomatic
infections to severe diseases with a possible deadly outcome. In the following section,
we report the viral survival times on multiple surfaces. A summary of the results can be
obtained from Tables 1 and 2.

Table 1. Survival of DNA viruses.

Pathogen Material (Cluster) Survival (Range) References

Adenoviridae Aluminum 7–>60 days [18,19]
Plastic >9–49 days [18,20]

Stainless steel 1 h–>8 weeks [21]
Glass 1 h–>12 weeks [21]

Ceramics 1 h–>60 days [19,21]
Paper 7–>60 days [19]
Latex 7–>60 days [19]

Vinyl asbestos 1 h–>8 weeks [21]
Papillomaviridae Plastic >7 days [22]

Herpes simplex virus 1 Plastic 48 h–6 days [20,23]
Glass 4 h–>8 weeks [21]

Herpes simplex virus 2 Plastic 4.5 h [24]
Cytomegalovirus Plexiglass 1–8 h [25]

Cotton blanket 1–2 h [25]
Gloves 15–240 min [26]

Poxviridae Glass 3 days–56 days [21,27]
Steel 1 day–56 days [27]

Cinder 1 day–56 days [27]
Cloth <1 day–56 days [27]
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Table 2. Survival of RNA viruses.

Pathogen Material (Cluster) Survival (Range) References

Rotavirus Stainless steel 2–>12 days [28]
Paper <2 h–>60 days [19,28]
Cloth 2–10 days [28]

Countertop 1 h [29]
Glass 9–>13 days [30]

Aluminum >60 days [19]
China >60 days [19]
Latex >60 days [19]

Coxsackie virus Plastic 5 weeks [23]
Glass 2 weeks [21]

Echovirus Cellulose ester membrane 48–>168 h [31]
Poliovirus 1 Aluminum 7–30 days [19]

China <5–>60 days [19]
Latex <5–30 days [19]
Paper 3–>30 days [19]

Cellulose ester membrane 48–>168 h [31]
Steel 4 h–>3 weeks [32,33]

Cotton >3 weeks [32]
Plastic >3 weeks [32]

Poliovirus 2 Glass 2–>8 weeks [21]
Rhinovirus Stainless steel 4–>25 h [34]

Hepatitis A-virus Stainless steel 2 h–>30 days [33,35]
Aluminium >60 days [19]

China >60 days [19]
Latex >60 days [19]
Paper >60 days [19]
Wood 1–>30 days [35]

Caliciviridae Plastics 8 h–>168 days [36–38]
Ceramics >168 days [36]

Stainless steel <1 day–>168 days [35,36,38,39]
Cloths 1–14 days [40]
Glass <1 day–7 days [40]

Copper alloys <5 min–>2 h [37,39]
Wood <1 day–>30 days [35]

Hepatitis C-virus Plastic 7 days–>6 weeks [41]
Stainless steel 5–>7 days [42]

Influenza A-virus Stainless steel 6 h- 2 weeks [43–46]
Plastics <2 h–4 days [23,43,44]
Cloth < 2 h–1 week [43,46]
Paper 12–24 h [43]
Wood <2 h [44]

Influenza B-virus Stainless steel 24 h [43]
Plastic 24 h [43]
Cloth 6–8 h [43]
Paper 8 h [43]

Parainfluenza virus Stainless steel 2–>8 h [47]
Formica 0.5–>8 h [47]

Cloth <0.5–>4 h [47]
Hendra virus Polystyrene 5–30 min [48]
Nipah virus Polystyrene 5–>60 min [48]

Respiratory syncytial virus Formica 5–7 h [49]
Gloves 1–4 h [49]
Cloth 0.5–2 h [49]
Paper 0.5 h [49]

Ebola virus Banknote 2–4 days [50]
Syringe 16–>32 days [50]

HCoV-229E Aluminum 6 h [51]
Sponge 6 h [51]
Latex 3 h [51]
Plastic 24–48 h [20]
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Table 2. Cont.

Pathogen Material (Cluster) Survival (Range) References

HCoV-OC43 Aluminum 2 h [51]
Sponge <1 h [51]
Latex <1 h [51]

SARS-CoV-1 (incl. TGEV and MHV) Plastic 72 h–9 days [20,52,53]
Paper 24 h [54]

Disposable gown 2 days [54]
Cloth 24 h [54]

Cardboard 8 h [53]
Copper 8 h [53]

Stainless steel 48 h [53]
Transmissible gastroenteritis virus
(TGEV) and mouse hepatitis virus
(MHV) (SARS-CoV-1 surrogates)

Plastic 4 h–28 days [55]

MERS-CoV Plastic 8–48 h [56]
Steel 8–48 h [56]

SARS-CoV-2 Cardboard 24 h [53]
Copper 4 h [53]
Plastic 72 h–4 days [53,57]

Stainless steel 72 h–>8 days [53,57,58]
Paper 30 min–2 days [57]
Wood 1 day [57]
Glass 2 days [57]
Cloth 1 day [57]

Surgical masks 4–>7 days [57]
Astrovirus China 7–60 days [59]

Paper 7–90 days [59]
Human immunodefiency virus Plastic >7 days [60]

Glass 5 days [61]
Hepatitis B-virus Silanized tubes >7 days [62]

Cotton >14 days [63]
Stainless steel >14 days [63]

Hepatitis E-virus Stainless steel 10 weeks unpublished

3.2. DNA Viruses
3.2.1. Adenoviridae

The family Adenoviridae comprises nonenveloped viruses with an icosahedral nucle-
ocapsid containing a double stranded DNA genome, causing a wide range of illnesses,
from mild respiratory tract infections or conjunctivitis to life-threatening multi-organ
disease in patients with a weakened immune system [17]. Importantly, in addition to
aerosols, fomites (environmental surfaces) play an important role for the transmission of
adenoviruses. Due to the relevance of transmission via surfaces, extensive research has
been performed regarding the survival on surfaces: Mahl et al. examined the survival of
adenovirus type 2 on glass, vinyl asbestos floor tiles, ceramic tiles and stainless steel at
37 ◦C, two different light conditions (“light” and “dark”) as well as 93% and 7% RH [21].
Although the authors did not observe large differences between the fomites, the virus
survived longer than 8 weeks at 7% RH with a 2-log reduction in infectivity titer. In con-
trast, at 93% RH inactivation was already observed after 1 h/3 weeks (“light”/“dark”,
respectively). Importantly, despite a 4-log titer reduction, on glass the virus survived for
more than 12 weeks at 37 ◦C and 25 ◦C at low humidity [21]. Gordon et al. showed that
some adenovirus strains can survive on plastic and aluminum for up to 49 days, using
six different strains. Although, all six strains were still detectable after 49 days on plastic,
some strains survived notably better than others. On aluminum, the virus strains could
be recovered between 28 to 49 days after inoculation. Especially the strain AD19 ATCC
persisted the longest on aluminum among the tested strains. On plastic, the differences
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between the strains were not significant [18]. Next to four other enteric viruses, Abad et al.
examined the survival human adenovirus type 40 on aluminum, china, latex, and paper
under three environmental conditions (4 ◦C + 90% RH, 20 ◦C + 85% RH, 20 ◦C + 50% RH).
For each condition, the virus was suspended either in phosphate-buffered saline (PBS) or
in 20% fecal suspension (FS). Depending on the conditions tested, ADV survival ranged
between seven and 60 days with at least a 4-log reduction of viral titers. Interestingly, the
two different suspensions displayed a surface-dependent impact on virus stability—on
aluminum, china and latex, FS had a protective effect; on paper, the virus survived longer
in PBS. The virus survived significantly longer at 4 ◦C than at 20 ◦C [19]. Rabenau et al.
showed that adenovirus type 3 can survive on plastic at room temperature (RT) at least 9
days, accompanied by a 2–3-log reduction of infectious viral titers. The presence or absence
of 10% fetal calf serum (FCS) did not significantly alter virus survival [20].

In conclusion, the survival of adenoviruses ranges between 9 days and more than
12 weeks. This range may be explained by the examined subtypes, surfaces, environmental
conditions, and investigation period (Table 1).

3.2.2. Papillomaviridae

Papillomaviridae are a large family of non-enveloped DNA viruses, which are highly
host- and tissue-tropic, typically infecting the skin or mucosal epithelium. Using pseudo-
typed human papillomavirus type 16 (HPV-16), Roden et al. observed virus persistence for
up to 7 days at RT [22].

3.2.3. Herpesviridae

Herpesviridae are a large family of enveloped DNA viruses, which frequently remain
in a latent state and thus cause unapparent infections, which may result in opportunistic
infections within immunocompromised individuals. In particular, Herpes simplex virus 1
and 2 (HSV-1 and HSV-2), varicella zoster virus, Epstein–Barr virus, and cytomegalovirus
are widespread among humans [64–66].

Herpes Simplex Virus (HSV)

HSV was detectable on plastic between 2 days and 3 days when kept at RT, which was
reported by Firquet et al. and Rabenau et al. [20,23]. The latter study additionally found
that an addition of 10% fetal calf serum (FCS) could extend the survival time up to 6 days.
A study by Nerurkar et al. showed that an increased temperature (37–40 ◦C) and a more
humid environment led to a decreased viral persistence. The virus was only infective for
4.5 h at the given temperature [24]. In contrast to the previous studies, Mahl et al. examined
the survival of HSV on glass slides at RT and 37 ◦C. At RT, the virus was detectable for
1 days at 96% and 55% RH, while at 37 ◦C and the same RH, the virus survived only for
4 h. However, at 3% and 7% RH, the virus survived for more than eight weeks at both
temperatures [21]. This sorts well with the findings on plastic: A higher temperature
inactivates the virus quicker. Furthermore, RH seems to correlate negatively with the
survival time resulting in variable observations regarding virus persistence (Table 1).

Cytomegalovirus (CMV)

With only two studies available, research about CMV stability is limited. One study
tested the survival of CMV acquired by infected infants on several surfaces and observed
survival on plexiglass for up to 8 h and on cotton blankets for up to 2 h at RT [25]. In a
second study, the author showed that at RT, CMV could be recovered from latex gloves
after 4 h [26].

3.2.4. Poxviridae
Vaccinia Virus

Overall, vaccinia virus is extraordinary stable on surfaces: both Mahl et al. [21] and
Wood et al. [27] examined the survival of the virus on several surfaces and environmental



Microorganisms 2021, 9, 343 6 of 36

conditions and observed that the virus persisted for up to eight weeks. The examined
surfaces included glass, galvanized steel, cinder, and industrial carpet. In general, higher
temperatures and RH were associated with reduced virus survival. Furthermore, at RT
the persistence of Vaccinia virus was generally longer on hard, nonporous materials (glass,
galvanized steel) [27].

Poxviridae viral particles are a family of enveloped DNA virions, including the highly
pathogenic Variola virus causing smallpox.

3.3. RNA Viruses
3.3.1. Reoviridae

Reoviridae are a diverse family of non-enveloped RNA viruses that mainly cause mild
or subclinical symptoms upon infection. However, rotavirus infections are among the
leading causes of severe infectious diarrhea in children and have been frequently associated
to fomite-mediated transmission [67].

The survival of human rotavirus (Wa strain) was examined during a study of Sat-
tar et al., who tested the persistence of the virus on several porous (poster card and cloth)
and non-porous (glass, stainless steel, vinyl, and smooth plastic) surfaces at different envi-
ronmental conditions [28]. On all non-porous materials, the virus remained infectious even
after 10 days at RT and medium/low RH (50 ± 5%/25 ± 5%, respectively), while at RT and
high RH (85 ± 5%) the virus was almost completely inactivated after 48 h. The virus could
also survive for longer than 10 days on stainless steel at 4 ◦C with a significantly lower
inactivation rate than at RT. On a poster card, the virus was not detectable after desiccation,
while on cloth at infectious virus could be recovered after 2 days up to 10 days at RT and
4 ◦C, respectively, each at ambient RH.

To examine survival on counter tops, Keswick et al. suspended the virus either
in distilled water or in a solution of water containing 10% rotavirus-negative stool [29].
After desiccation, virus could be detected for up to 30 min and for up to 60 min, respec-
tively [29]. According to Abad et al., rotavirus could survive on aluminum, china, latex,
and paper for more than 60 days, regardless of the examined environmental condition or
whether FS was added or not [19]. The loss of titer was less than three orders of magnitude
in each of the conditions [19].

3.3.2. Picornaviridae

Picornaviridae are a large family of nonenveloped RNA viruses, including some of
the most common and important human pathogens which are responsible for a variety
of human disease, including poliomyelitis, the common cold, hepatitis A, and enteric
diseases [68].

Coxsackie Virus

The survival time of Coxsackie virus was reported to be at least two weeks: a study
of Firquet et al. showed that at RT coxsackie virus B4 survived on plastic for five weeks,
using an initial titer of roughly 107 TCID50/mL [23]. In contrast, Mahl et al., observed
inactivation of coxsackie virus B3 after three weeks on glass at 25 ◦C and 37 ◦C at high,
medium and low RH [21].

Echovirus

On cellulose ester membrane filters Mocé-Llivina et al. bserved that Echovirus 6 was
more persistent at high RH levels than at low RH levels [31]. Importantly, at high RH
the virus survived for more than 7 days at RT and 4 ◦C without significant reduction in
infectivity, while at moderate RH a 2.5-log reduction was observed at both temperatures
over time [31].
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Poliovirus

Together with other enteric viruses, Abad et al. tested the survival of Poliovirus 1 on
aluminium, china, latex and paper under different environmental conditions (4 ◦C + 90%
RH, 20 ◦C + 85% RH and 20 ◦C + 50% RH) and additionally in a PBS or fecal suspension
(FS) [19]. Virus survival was observed from 3 days up to 60 days (china + 4 ◦C + 90%
RH) [19]. Likewise, Mocé-Llivina et al. observed higher virus survival of poliovirus 1
on cellulose ester membrane filters at 4 ◦C as compared to RT [31]. Despite a significant
reduction in viral infectivity, Tamrakar et al. observed Poliovirus 1 survival on steel, plastic
and cotton after three weeks, when kept at RT and 40–60% RH [32]. Mbithi et al. compared
Poliovirus 1 with Hepatitis A virus and showed, that poliovirus was inactivated on stainless
steel after 24 h and 6 h at 20 ◦C + 95 ± 5% RH and 20 ◦C + 25 ± 5% RH, respectively [33].
Mahl et al. studied the survival of Poliovirus 2 on glass slides at several temperatures
(25 ◦C and 37 ◦C) and RH (high, moderate and low) [21]. At 37 ◦C, the virus survived for
eight weeks at low humidity and for one day at high and moderate RH—the higher titer
was found at a high RH. At RT, the virus survived for eight weeks at low RH, for four
weeks at high RH, and for two weeks at moderate RH [21].

In summary, the survival time of poliovirus ranges between 1 day and 60 days, which
shows that virus stability is highly susceptible to environmental conditions (Table 2).

Rhinovirus

Human rhinoviruses (HRV) are non-enveloped, positive single strand RNA viruses,
classified into three species (A–C). They mainly cause respiratory tract infections, like
the common cold, but they were also reported to cause otitis media. Predisposed groups
for a critical infection are immunocompromised and elderly adults; a severe bronchiolitis
can occur in infants. HRV can exacerbate a preexisting chronic lung condition as asthma
bronchiale, chronic obstructive pulmonary disease, or cystic fibrosis. Transmission happens
via aerosols, direct contact or fomites [69–71]. A study of Syed et al. suspended rhinovirus
type 14 in either tryptose phosphate broth (TPB), bovine mucin or human nasal discharge
to inoculate stainless steel disks. In nasal discharge, the virus persisted for up to 8 h.
In contrast, in TPB and bovine mucin the virus was still detectable after 24 h. The authors
further observed a high RH had a protective effect on virus survival [34].

Hepatitis A-Virus

The hepatitis A-virus (HAV) is a non-enveloped, positive single strand RNA virus.
Virus transmission mainly occurs via the fecal-oral route [72,73]. Mbithi et al. examined
the survival of HAV on stainless steel at 5 ◦C, 20 ◦C, and 35 ◦C. At 5 ◦C, the virus persisted
for more than 4 h regardless of the RH. At 20◦C, HAV was still detectable after 14 days and
at 37 ◦C, the virus survived for 4 h—except at 95 ± 5% RH, where it was inactivated after
4 h [33]. HAV survived for more than 60 days on aluminum, china, and latex and for more
than 30 days on paper at all tested environmental conditions as shown by Abad et al. [19].
During a study from Kim et al., HAV persisted on wood and stainless steel for more than
30 days at different environmental conditions [35]. Overall, throughout the different studies
higher RH levels were associated with shorter virus survival.

3.3.3. Caliciviridae

Caliciviridae are a family of positive single strand RNA viruses without a lipid envelope.
The most prominent member of this family is the human norovirus, a common causative
agent of non-bacterial acute gastroenteritis. Human noroviruses are transmitted fecal–
orally and due to its high infectivity tends to create outbreaks—especially in healthcare
facilities. Since the cultivation in a cell culture system remains difficult, several surrogates
have been established [74–76].
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Feline Calicivirus (FCV)

One of the established surrogates is the feline calicivirus: D’Souza et al. examined
the survival of FCV on Formica®, ceramics and stainless steel at RT and 75–88% RH [36].
The virus could be recovered from all surfaces after 7 days, with a 6–7-log reduction in
infectious titer [36]. The survival times observed by Clay et al. were shorter than reported
by D’Souza et al.: The authors studied the survival of FCV on uncommon surfaces at RT.
The virus was undetectable on keyboard keys and brass after 8–12 h, on computer mouse
and telephone wire after 24–48 h, and on telephone buttons and telephone receiver after
48–72 h [37]. Buckley et al. observed FCV survival at RT and 30% RH on wool for 15 days
and on nylon and glass for up to 7 days. The persistence of FCV at 70% RH was shorter on
all surfaces as compared to 30% RH [40].

Murine Norovirus

Another established surrogate is the murine norovirus (MNV). Additionally, to FCV,
Buckley et al. further examined the persistence of MNV on wool, nylon and glass [40].
At RT and 30% RH, the virus survived up to 15 days on wool and under 15 days on nylon
and glass. At 70% RH, the virus survival was lower for all examined conditions [40].
Warnes et al. studied the effect of copper on virus inactivation on dry and wet fomites.
Using stainless steel as a control and viral persistence over the examined 120 min was
observed. Virus survival was further observed to be proportional to copper content.
On pure copper, MNV was inactivated after 30 min and 5 min on wet and dry fomite,
respectively [39]. A slightly longer persistence was shown by Kim et al. The authors
showed that MNV persisted on wood for longer than 30 days and on stainless steel for up
to 20 days [35].

Tulane virus

To test Tulane virus as a surrogate for Caliciviridae, Arthur et al. observed Tulane virus
survival on acrylic-based solid and stainless steel, for at least 14 days [38]. The reduction in
infectious titer on stainless steel was significantly higher than that on acrylic-based solid—
with roughly 1-log reduction in titer after 14 days [38]. These results are in accordance with
observations of the other two surrogates (Table 2).

3.3.4. Flaviviridae
Hepatitis C-Virus (HCV)

In two studies the survival of HCV on surfaces is reported: Paintsil et al. examined
the survival of low-titer (104 infectious units/mL) and high-titer (106 infectious units/mL)
HCV on 24-well-plates (plastic). Low-titer HCV was recovered after 6 weeks at 4 ◦C and
22 ◦C, while being inactivated after 7 days at 37 ◦C. High titer HCV survived for at least
three weeks at 4 ◦C and 22 ◦C with almost no loss of titer, while after 21 days at 37 ◦C the
virus was inactivated [41]. In contrast to the previous study Doerrbecker et al. found that
the HCV strain Jc1 survived on stainless steel at RT for 5 days, when suspended in human
serum and for more than 7 days without being suspended in serum [42]. In the latter case,
there was a 3-log reduction visible.

3.3.5. Orthomyxoviridae

The family of Orthomyxoviridae includes the influenza A–C viruses, which contain a
segmented single-strand RNA with a negative orientation and a lipid envelope. While
Influenza A viruses are classified according to their haemagglutinin and neuramidase
proteins, Influenza B viruses are separated into two major lineages (“Victoria” and “Yam-
agata”). Influenza viruses cause the common flu, but can also cause complications, like
the primary influenza-associated pneumonia. The ability to rapidly adapt to changing
environmental conditions via antigen shift and antigen drift leads to a tendency to form
highly infective strains. Transmission mainly occurs by aerosols, but also via inanimate
objects [77–80].
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Influenza A Virus

Since Influenza A virus plays an important clinical role, considerable research has
been conducted. Bean et al. showed that Influenza A virus survived on stainless steel for at
least 48 h, with a 3-log reduction. On plastic, tissues and magazines the virus survived for
48 h and on handkerchiefs and pajamas for 24 h. The environmental conditions were 27.8–
28.3 ◦C and 35–40% RH [43]. A shorter survival time was reported by Greatorex et al. who
also studied the survival of Influenza A virus on several surfaces, and observed a 3.9-log
reduction in infectivity on stainless steel after 9 h [44]. Likewise, the virus was viable on
plastic after 9 h, with a slightly greater reduction (4.2-log). On silver containing cloth, soft
toys and light switch material, Influenza A virus survived for more than 4 h and less than
9 h. And on J-cloth®, window glass, telephone handset, kitchen work surface, computer
keyboard, aluminum, pine, varnished and unvarnished oak, the virus was not detectable
after 4 h. Greatorex et al. performed all experiments at 17–21 ◦C and 23–24% RH and with
an initial titer of 3 × 105 PFU/mL [44]. Influenza A virus (strain A/Mexico/4108/2009
(H1N1)) showed shorter survival times of infectious virus on plastic and steel compared to
MERS-CoV: No infectious virus was detected after 8 h, regardless the tested environmental
conditions (20 ◦C + 40% RH, 30 ◦C + 30% RH and 30 ◦C + 80% RH), van Doremalen et al.
showed [56]. In contrast, Firquet et al. observed infectious Influenza A virus (strain H1N1
A/PR/8/34) on plastic petri dishes was inactivated after 5 days at RT [23]. Perry et al.
observed that two strains of Influenza A virus remained infective on steel after 7 days
under various environmental conditions (18 ◦C + 20% RH, 25 ◦C + 20% RH, 18 ◦C + 35%
RH, 25 ◦C + 35% RH, 18 ◦C + 55% RH, 25 ◦C + 55% RH) [45]. To examine the influence of
light on the survival of Influenza A virus, Thompson et al. surveyed five different strains
on three materials (cotton, microfiber and stainless steel) in light and dark environment [46].
In a dark environment, all strains survived on stainless steel for two weeks. On microfiber,
the range of survival time was between less than an hour and one week. On cotton, one
strain survived for one week and the other strains for 24 h. The survival times in a light
environment were comparable to the ones in the dark environment setting. All experiments
were performed at RT and 10–50% RH [46].

In summary, the survival time of Influenza A virus has a broad range from a few
hours to several weeks (Table 2). An explanation could be the differences in environmental
conditions, tested surfaces, viral subtypes, and initial titers.

Influenza B Virus

In contrast to Influenza A virus, Influenza B virus lacks extended research: Bean et al.
examined the viability of Influenza B virus on several surfaces after drying. While the
virus was inactivated after 48 h on plastic and stainless steel, virus survival on pajamas for
12 h was observed. On handkerchiefs, tissues, and magazines, viral persistence for 8 h was
reported. The experiments were performed at 26.7–28.9 ◦C and 55–56% RH [43].

3.3.6. Paramyxoviridae
Parainfluenza Virus

The survival of parainfluenza virus 2 on several non-absorptive and absorptive sur-
faces at RT was examined by Brady et al. using an initial titer of 1.5 × 103 TCID50/mL.
On stainless steel, the virus survived between 2 h and 4 h, when dried, and more than 10 h
as a droplet. On Formica®, dried virus was inactivated after 1 h and remained infectious
after 8 h as droplet. On a lab coat and on facial tissues, there was no titer reduction visible
after 4 h, while on hospital gown, the virus was inactivated after 0.5–4 h, depending on the
pretreatment [47].

Henipavirus

Hendra virus and Nipah virus have a comparable susceptibility to desiccation, as
observed by Fogarty et al. [48]. When dried on non-porous polystyrene, both Hendra
and Nipah virus survived for less than 15 min at 37 ◦C. At 22 ◦C, Hendra virus survived
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for less than 60 min, and Nipah virus was still detectable after 60 min showing a 2-log
reduction [48].

Respiratory Syncytial Virus (RSV)

To examine RSV survival on surfaces, Hall et al. suspended RSV in nasal secretions
of healthy adults and infants with a lower respiratory tract infection and applied it to
surfaces [49]. All experiments were performed at RT and 35–50% RH and with an initial
titer of 105–106 TCID50/mL. On countertops, the virus was no longer detectable after 7–8 h.
On paper tissues, cloth and gown, the virus survived for less than 1 h, less than 1–2.5 h
and less than 2–5.5 h, respectively [49].

3.3.7. Filoviridae
Ebolavirus

The Ebola viruses is enveloped and encodes its genome in the form of single-stranded
negative-sense RNA. Research about the survival of Ebola virus on surfaces is limited.
Yet, in one study of Westhoff Smith et al., the authors observed survival of Ebola virus in
syringe needles between 16 days and 32 days, when suspended in Dulbecco’s modified
Eagle’s medium (DMEM), while upon suspension in whole blood the persistence of viral
particles up to 48 days was observed [50]. The examined environmental conditions were
RT and 55% RH and the initial titer was 106 PFU/mL. Upon suspension of an initial titer
of 107 PFU/mL in whole blood, no infectious virus could be recovered from in syringe
needles after 32 days at 32 ◦C/80% RH, while at RT/55% RH, only a one log reduction was
observed. On banknotes, the virus survived for more than 4 days (21 ◦C, 55% RH) and 2
days (32 ◦C, 80% RH). Both experiments had an initial titer of 107 PFU/mL [50].

3.3.8. Coronaviridae

Coronaviridae consist of positive single strand RNA viruses with an envelope, con-
tributing to its name (from lat. corona—crown). There are seven human pathogenic strains
of Coronaviruses (CoV)- 4 endemic strain (229E, OC43, NL63, and HKU1) and 3 epidemic
strains (Severe acute respiratory syndrome coronavirus (SARS-1-CoV), Middle East respi-
ratory syndrome coronavirus (MERS-CoV), severe acute respiratory syndrome coronavirus
type 2 (SARS-CoV-2). While the endemic strains mainly cause a mild respiratory infection—
like a common cold—the epidemic strains cause a viral pneumonia and gastrointestinal
symptoms as diarrhea or vomiting. SARS-CoV-2 is responsible for the 2020 COVID-19
pandemic. The mode of transmission is mainly by respiratory droplets and aerosols, but a
certain contribution of contact transmission, e.g., via fomites seems likely [81–84].

HCoV-229E

HCoV-229E is reported to survive below 6 h on latex gloves and below 12 h on alu-
minum and sterile sponges at RT and 55–70% RH using a titer of 5.5 × 105 TCID50/mL [51].
In contrast, using an initial titer was >106 TCID50/mL, Rabenau et al. observed that
HCoV-229E could persisted on plastic for even 50 h at RT [20]. According to Warnes et al.,
infectivity of HCoV-229E was detectable for more than 5 days on Teflon®, PVC, ceramic,
stainless steel, and glass—although showing approximately a 2-log reduction in titer [85].
On silicon rubber, the virus remained infective for more than 3 days but less than 5 days.
On surfaces with a high content of copper, the virus was inactivated at a much faster scale
(minutes–hours). The experiments were performed at RT and moderate RH using an initial
titer of 5 × 104 PFU/mL [85].

HCoV-OC43

The study of Sizun et al. also involved HCoV-OC43, which survived shorter on
different surfaces as compared to HCoV-229E—infectivity was lost less than one (latex
gloves, sterile sponges) or 3 h (aluminum) [51].
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SARS-CoV-1

SARS-CoV-1 could, according to Rabenau et al., survive on plastic and at RT for up to
8 days [20]. While Rabenau et al. used an initial titer of ~5 × 106 TCID50/mL, Chan et al.
used a titer of 107 TCID50/mL and observed approximately a 5-log reduction of viral
infectivity on plastic after 13 days at RT and a RH of 40–50% [52]. The virus seemed to
have a shorter survival time on non-porous material: Lai et al. examined the survival of
SARS-CoV-1 on paper, disposable and cotton gown and observed virus inactivation after
24 h on paper and cotton gown, and after 2 days on disposable gown using an initial titer of
106 TCID50/mL, while at lower titers shorter survival times were observed [54]. In contrast
to Rabenau et al. van Doremalen et al. compared SARS-CoV-1 and -2 (see below) and
observed that at RT and 40% RH SARS-CoV-1 was inactivated after 24 h on cardboard, after
8 h on copper, and after 72 h on stainless steel and plastic [20,53]. To test two surrogates
of SARS-CoV-1, Casanova et al. examined transmissible gastroenteritis virus (TGEV) and
mouse hepatitis virus (MHV) on stainless steel. Both viruses were most stable at 4 ◦C
and after 28 days less than 2-log reduction of the initial titer was observed. Upon higher
temperatures, the viruses were inactivated more rapidly—at 40 ◦C and 80% RH, both
viruses survived only for 6 h. While low temperatures and RH had a protective effect on
virus survival, the relationship between inactivation and RH was not monotonic, and a
greater protective effect at low RH (20%) and high RH (80%) than at moderate RH (50%)
was observed [55].

MERS-CoV

MERS-CoV was inactivated on plastic and stainless steel after 48 h, 24 h, and 8 h at
20 ◦C/40% RH, 30 ◦C/30% RH and 30 ◦C/80% RH, respectively. The initial titer, used by
van Doremalen et al., was 106 TCID50/mL [56].

SARS-CoV-2

As described above, van Doremalen examined the survival of SARS-CoV-1 and -2.
The authors could not observe viable SARS-CoV-2 on copper after 4 h, on cardboard after
24 h, and on stainless steel and plastic after 72 h [53]. Furthermore, Chin et al. studied the
persistence of SARS-CoV-2 at RT on several surfaces, those being paper, tissue paper, wood,
cloth, glass, banknotes, stainless steel, plastic, and the inner and outer layer of a surgical
mask [57]. While on paper and tissue paper, no infectious virus was detectable after 3 h, on
wood and cloth, the virus persisted for 1 day. Infectious virus was detectable for 2 days
on glass and banknotes and for 4 days on stainless steel, plastic, and the inner mask layer.
Furthermore, there was still infectious particles detectable after 7 days on the outer layer of
a surgical mask. Chin et al. further discovered, that SARS-CoV-2 showed a biphasic decay,
with a short half-time in the first 3 h and a longer half-time after that [57]. According with
the previous papers, Kratzel et al. found a survival on stainless steel between 17 days and
more than 30 days, depending on the temperature [58]. Interestingly, a higher temperature
did not lead to an increased viral decay—like that shown before on other coronaviruses
and other viral pathogens.

3.3.9. Astroviridae

The survival of astroviruses was studied by Abad et al. on china as well as paper.
The conditions tested were 20 ◦C and 4 ◦C (both 90 ± 5% RH), and suspension in PBS and
20% fecal suspension (FS). On china, the virus could persist for 7 days at 20 ◦C and 60 days
at 4 ◦C. In contrast, the virus survived on paper for at least 90 days at 4 ◦C with a 4-log
reduction, regardless if suspended in PBS or FS. At 20 ◦C, the virus remained infective for
up to 60 days upon suspension in PBS, and for 7 days upon suspension in FS [59].
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3.3.10. Retroviridae
Human Immunodeficiency Virus (HIV)

Although a transmission of HIV via fomites is unlikely, two studies examined the
persistence of the lentivirus on surfaces: Barre-Sinoussi et al. showed that HIV-1 persisted
on petri dishes of unknown material for at least 7 days at RT [60]. A similar result was
found by Tjøtta et al., who examined the survival of HIV-1 on glass slides and observed
that the virus persisted for 5 days on the slides at RT using an initial titer of 9.1 × 106

particles/mL [61].

3.3.11. Hepadnaviridae
Hepatitis B Virus (HBV)

After its discovery in the 1970s, two studies have been performed regarding the
survival of HBV on surfaces: Bond et al. showed, that HBV was still infectious after
drying in silanised tubes for one week at RT and 42% RH [62]. At the same environmental
conditions, a study by Favero et al. showed that there was virtually no loss antigenic
activity of HB Ag-positive blood after 14 days from stainless steel and cotton swabs [63].

3.4. Bacteria

Infections with bacteria are causing a broad range of human diseases. Many of the
infections caused by human-pathogenic bacteria are linked to hospitalization of patients.
Several severe and life-threatening infections are caused by nosocomial-acquired bacterial
infections. Among these bacteria are species of the genera Staphylococcus, Enterococcus,
Klebsiella, Stenotrophomonas, and Pseudomonas. All of these species have been reported to be
isolated from various abiotic surfaces and bacterial survival analyses on distinct surfaces
have been published.

In the following section, we will summarize the state of art on survival properties of
human pathogenic bacteria on numerous inanimate surfaces. A summary is also given in
Tables 3–5.

Table 3. Survival of gram-positive bacteria.

Pathogen Material (Cluster) Survival (Range) References

Bacillus subtilis Polycarbonate membrane filters >200 days [86]
Clostridioides difficile Stainless steel >6 weeks [87]

glass 15 min [88,89]
Corynebacterium diphtheriae Dust 102 days [90]

Enterococcuscasseliflavus Cloths 15–>90 days [91]
Plastics >90 days [91]

Enterococcus gallinarum Cloths 28–>90 days [91]
Plastics >90 days [91]

Enterococcus faecium Cloths 22–>90 days [91,92]
Glass >77 days [93]

Plastics 1–>16 weeks [91,94]
Stainless steel >6 weeks [87]
Countertop >7 days [95]

Enterococcus faecalis Cloths 1–>90 days [91,96,97]
Glass >77 days [93]

Plastics 1–>16 weeks [91,94]
Other surfaces 5 days–3 weeks [95,97]

Listeria monocytogenes Stainless steel 1–>91 days [98–101]
Plastic >180 min–>10 days [98,102,103]
Wood >180 min [102]

Cardboard >48 h [103]
Micrococcus luteus Cotton lint >1 day [96]

Polycarbonate membrane filters 120 days [86]
Staphylococcus aureus Cloths 1–>70 days [91,92,96,97,104]

Plastics 21 days–>3 years [91,105–108]
Stainless steel 6 h–> 6 weeks [87,109,110]
Copper alloys 30 min–>6 h [109]
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Table 3. Cont.

Pathogen Material (Cluster) Survival (Range) References

Glass 15–25 days [111]
Flooring materials >4 h–8 weeks [97,104]

Staphylococcus epidermidis Cloths 6–28 days [91,96]
Glass >7 h [96]

Plastics 41–>90 days [91]
Streptococcus equi Wood <1 to 13 d [112,113]

Metal <1 to 3 d [112]
Rubber <1 to 3 d [112]

Clothing <1 to 13 d [113]
Streptococcus pneumoniae Plastic < 3 d–1 month [114]

Streptococcus pyogenes Tomatoes >2–>24 h [115]
Plastic 2–> 4 months [114–116]

Ceramic >2–>24 h [115]
Stainless steel >2–>24 h [115]

Glass 2–>88 h [116]
Metal 2–>88 h [116]
Latex 2–>88 h [116]
Wood 2–>88 h [116]
Reeds 24 h [117]

Clarinets (simulated play) 24 h [117]
Streptococcus salivarius Glass 2–>88 h [116]

Metal 2–>88 h [116]
Plastic 2–>88 h [116]
Latex 2–>88 h [116]
Wood 2–>88 h [116]

Table 4. Survival of gram-negative bacteria.

Pathogen Material (Cluster) Survival (Range) References

Acinetobacter baumannii Glass 2–>100 days [111,118–122]
Cloths 7–19 days [92]
Plastics 3–>90 days [110,123–127]

Stainless steel 12 days [110]
Polycarbonate membrane

filters >20 days [86]

Acinetobacter calcoaceticus Plastics 24 h–>14 days [93,127,128]
Glass >7 h–23 days [93,96,111,118]

Cotton 4–>25 days [96]
Acinetobacter radioresistens Glass 31–157 days [118]

Acinetobacter spp. Plastics 6–>60 days [110,129]
Cloths 1–14 days [129]

Stainless steel 6 days–>6 weeks [87,110]
Bordetella pertussis Dust 3–5 days [130]

Plastic 3–5 days [130]
Cloth 3–5 days [130]

Campylobacter jejuni Paper < 2 h [131]
Aluminum 15 min–7 h [132]

Stainless steel 30 min–7 h [132]
Formica 30 min–7 h [132]

Ceramics 15 min–7 h [132]
Escherichia coli Cloths 4 h–>8 weeks [92,96,97,104,129]

Plastics 24 h–>300 days [102,103,105,128,129,133–135]
Steel 14–>60 days [134,136,137]

Copper alloys 60–>360 min [136]
Glass 1–≥14 days [93,111]

Flooring materials 1hours–>8 weeks [97,104]
Polycarbonate membrane

filters >6 days [86]
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Table 4. Cont.

Pathogen Material (Cluster) Survival (Range) References

Wood >2 h–>28 days [102,137,138]
Francisella tularensis Glass 2–>240 h [139]

Paper 1– 96 h [139]
Klebsiella pneumoniae Cloths <1 h–4 weeks [96,97,129]

Plastics 9–32 days [129]
Stainless steel 3–6 weeks [87]

Ceramics/Flooring material 2 weeks [97]
Neisseria gonorrhoeae Plastics >24 h [140]

Cotton-Polyester >24 h [140]
Proteus mirabilis Cloths 4 h–9 days [129]

Plastics <1–26 days [128,129]
Pseudomonas aeruginosa Cloths 1 h- >8 weeks [92,96,97,104,129]

Glass 5 h [96]
Plastics 9 h–10 days [105,110,128,129,141]

Stainless steel 5 days [110]
Flooring materials 1 h–>8 weeks [97,104]

Pseudomonas cepacia Glass 5 h [96]
Cotton 2 h [96]

Pseudomonas putida Glass <2 days [93]
Salmonella enterica serovar

Abony Laminate 1–>24 h [104]

Cloth >48 h [104]
Salmonella enterica serovar

Enteritidis Almonds >171 days [142]

Cotton 1 h [96]
Plastic 24 h [103]

Cardboard 1 h [103]
Salmonella enterica serovar

Typhimurium Cotton 5 h [96]

Dust >4 years and 2 months [143]
Stainless steel <1 day–>6 weeks [98,144]

Plastics <1 day–>12 weeks [98,145,146]
Polycarbonate membrane >1 month–8 weeks [146,147]

Salmonella spp. Laminate >24 h [104]
Cloth 24–>48 h [104]

Stainless steel >30 days [148]
Plastic >72 h–>300 days [135,149]

Serratia marcensens Cloths <1 h–7 days [96,129]
Plastics 1–10 days [128,129]
Glass >7 h–11 days [96,111]

Shigella dysenteriae Cloth 4 h [150]
Wood 3 h [150]
Plastic 1.5 h [150]

Aluminum 2 h [150]
Glass 2 h [150]

Stenotrophomonas maltophilia Cloths 7 days [92]

Table 5. Survival of other bacteria.

Species Material (Cluster) Survival (Range) References

Mycobacterium bovis Cotton >2 months [96]
Chlamydia pneumoniae Formica 30 h [96,151]

Paper 12 h [151]
Chlamydia trachomatis Plastic 30–120 min [152]
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3.4.1. Gram-Positive Bacteria

Infections with gram-positive bacteria are regularly reported. Among the most promi-
nent gram-positive human pathogens are staphylococci.

Staphylococci

One of the most relevant human pathogenic gram-positive bacteria is Staphylococcus
aureus. S. aureus is a well-studied human pathogen commonly causing both, community-
and hospital-acquired infections. S. aureus is known to be one leading causative microor-
ganism for bacteraemia and sepsis worldwide [153]. Methicillin-resistant S. aureus (MRSA),
resistant to β-lactam antibiotics, are regularly causing difficult-to-treat infections. Infections
with MRSA are associated with increased mortality rate in comparison to infections with
methicillin-susceptible S. aureus (MSSA) [154]. Due to the link between S. aureus infection
and hospitalization, the survival of S. aureus on abiotic surfaces has been studied to a
significant extend.

Scott et al. studied the survival of several bacteria, among them S. aureus, on laminate
and j-cloth®. In this study, they distinguished between wild-type (WT) and laboratory
S. aureus strains as well as between a clean and soiled condition (simulated by tryptone
soya broth). While on laminate both strains were still viable after 24 h regardless of the
applied conditions, growth analysis on j-cloth® showed viable cells of the laboratory strain
after 48 h whereas the WT strain was inactivated after 24 h [104].

Kampf et al. could demonstrate that S. aureus was able to survive on a polymer for
7 days [105]. On that time point, S. aureus was almost completely inactivated. That relatively
short survival in contrast to other studies can be explained with the temperature being
higher (37 ◦C) as those in the other studies [105].

Several studies compared MRSA strains with MSSA strains on their survival capa-
bilities. On cotton lint, both MRSA and MSSA have been shown to persist for more than
25 days with a ~1.5-log reduction in titer at that time point [96]. Additionally, Wagenvoor-
tand and Penders examined the persistence of MRSA and MSSA on plastic and analyzed
the effect of dust on both. In contrast to the study by Hirai, a clear difference in survival
of MRSA and MSSA was detectable: while MRSA could persist on plastic for up to 175
days with a steady ongoing decline, MSSA was only detectable for 28 days, rapidly declin-
ing. The authors explained those differences with the studied MRSA strain (phage-type
III-29), which potentially could have better survival properties than other MRSA strains.
In addition, dust had a negative effect on the survival of both MRSA and MSSA [106]. In a
further study, a survival comparison of two MRSA outbreak strains (III-29, III-215) with
three sporadic MRSA strains (“untypable”/UT, Z-69, III-152) on plastic has been done.
The outbreak strains were viable for up to 318 days, while the sporadic strains survived
significantly shorter (287 days or shorter). Also, the presence of dust had a negative impact
on survival of sporadic strains but not on outbreak strains [107].

Neely and Maley studied the survival of MRSA and MSSA on several cloths and
polyethylene surfaces. While on cotton, the bacteria have been shown to survive for up to
21 days, living cells could be detected for up to 56 days on polyester and on polyethylene
both strains were still detectable after 51 days. MSSA was additionally detectable after 91
days on polyethylene. However, the investigation period was extended in comparison to
MRSA and thus no trustworthy comparison could be made [91].

To study the effects of copper on MRSA survival, Noyce et al. compared the survival
of three strains of MRSA on copper, stainless steel and brass. All strains were inactivated
after 90 min on copper, whereas there was almost no loss in titer after 6 h on stainless steel.
Survival on brass, which consists to 80% of copper, showed that two of the three strains
were inactivated on brass after 270 min, and only one strain was still detectable after 6 h.
However, this strain showed almost a 2-log reduction in titer. Lowering the temperature
from 22 ◦C to 4 ◦C has been detected to prolong the bacterial decay [109]. According to
Webster et al., S. aureus survived on Formica®, stainless steel and a drip stand for 9, 10,
and 3 days, respectively. However, the initial titer was not specified [110]. An aggregate of
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five different MRSA strains survived for more than 6 weeks on stainless steel as shown
by Otter et al. [87]. Although being still viable after 6 weeks, there was a 5.5-log reduction
in S. aureus titer visible [87]. However, single strains showed persistence from less than
four week [87]. A study on several mutations of S. aureus, including the strain SH1000 as
a reference, revealed a persistence of SH1000 on dry plastic surfaces (polypropylene) for
more than 1097 days [108]. S. aureus was able to survive on glass coverslips for 15–25 days,
when kept in distilled water. Replacement of water with bovine serum albumin caused
an even longer S. aureus survival on glass [111]. An additional comparison of ambient
medium showed that S. aureus was able to survive on ceramic floor, synthetic fiber, cotton
and mattress for more than eight weeks, when kept in distilled sterilized water, urine,
blood, or saliva. In all conditions, there was a maximum of 2-log reduction in titer after
eight weeks [97].

Even though most studies worked with S. aureus, survivals on inanimate surfaces of
other clinically relevant staphylococci as Staphylococcus epidermidis have been performed as
well. S. epidermidis is a skin commensal. However, due to its occurrence and survival on
medical devices, S. epidermidis is described as a significant nosocomial bacterial agent [155].
It has been shown that S. epidermidis survived on cotton lint for more than 25 days and on
glass for more than 7 h with almost no loss in titer [96]. Neely et al. studied the survival of
not-further defined coagulase-negative staphylococci on several cloths and polyethylene.
While the bacteria survived on cloths from 6 to 28 days, they were partially still viable after
more than 90 days on polyethylene [91].

The survival capabilities of staphylococci demonstrated in numerous studies showed
clearly the persistence of the bacteria, particularly of S. aureus, to be surface dependent,
ranging from hours to weeks and even years (Table 3).

Streptococci

Bacteria of the genus Streptococcus have been reported to be responsible for several
health issues. Among the most prominent pathogens within this genus are Streptococcus
pyogenes, frequently causing pharyngitis and deep tissue infections and S. pneumoniae
known to cause cases of bacterial pneumonia in humans [156]. Various studies reported
the survival capabilities of streptococci on different inanimate surfaces. Persistence of S.
pyogenes has been described to range between 2 h and four months in a surface-dependent
manner. On glass, metal and plastic surfaces time of survival has been detected to range
from 2 h to 88 h. The same time period has been found for wood and latex, however, the
loss in viability was much higher on the latter surfaces compared to glass [116]. In a study
survival on food and food contact surfaces it has been detected that S. pyogenes survives
for more than 24 h on the surface of refrigerated tomatoes. After 2 h, S. pyogenes has still
been detected viable on the surface of plastic cups, ceramic plates, and stainless steels at
RT [115]. In a study on musician instruments like reeds and clarinets, S. pyogenes has been
examined on its survival. It has been shown that the bacteria survive for 24 h, even when
the clarinet is simulated to play [117]. Both, S. pyogenes and S. pneumoniae are capable to
survive on plastic surfaces for several days to months. Biofilms of S. pyogenes survive for
more than four months while these from S. pneumoniae persist for one month [114].

Streptococcus salivarius is a commonly harmless colonizer of the human oral cavity but
linked to more harmful infections (e.g., endocarditis) in immunosuppressed patients [156].
It showed survival durations comparable to S. pyogenes on glass, metal, plastics, wood,
and latex with between <2 and 88 h in dependence on the ambient liquid medium [116].
Streptococcus equi belong to the Lancefield group C streptococci and is widely recognized
as an animal pathogen. However, also association with human diseases are done [156].
Its survival has been examined in two studies. Both revealed a survival from less than
one day up to 13 days on wood, clothing, metal and rubber surfaces [112,113]. Next to
the type of surface, also effects of sunlight [112], temperature [115], medium [116] and
bacterial life form [114] have been demonstrated. While an increase of temperature from
5 ◦C to 21 ◦C resulted in survival times rising from less than 2 h to more than 24 h for S.
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pyogenes [115] and sunlight causing a decrease in the survival time of S. equi, rain did not
affect the survival time of S. equi [112]. The life form of the bacteria within a biofilm also
affected survival capacity in a beneficial way. For both, S. pyogenes and S. pneumoniae this
effect has been shown on plastic surfaces [114]. Each of the above-mentioned streptococci
isolates showed a species and surface dependent survival on the tested inanimate surfaces.

Enterococci

Besides staphylococci, also enterococci have been demonstrated to survive on several
abiotic surfaces. Enterococci are opportunistic pathogens, being a known leading cause of
nosocomial infections. Particularly two enterococci species are known to cause infections in
humans, among them bacteraemia, endocarditis, and urinary tract infections. These species
are Enterococcus faecalis and Enterococcus faecium. In the past, the emergence of vancomycin-
resistant enterococci (VRE) increased, which is connected to increased mortality [157].

Among others, a study of Hirai, published in 1991, stated that E. faecalis was still
detectable after one day on cotton lint [96]. In contrast, much longer survival has been
demonstrated in a study of Neely and Maley in which the authors showed that E. faecalis
could persist on cotton, terry (100% cotton) and a cotton–polyester blend for up to 33
days. Further they detected that it persisted for more than 90 days on polyester and
polyethylene, without a significant difference between VREs and vancomycin-sensitive
enterococci (VSE) [91]. In the work from Esteves et al. the long persistence on cotton could
been proven as E. faecalis was still viable on cotton after eight weeks. Additionally, they
reported that E. faecalis survived on synthetic fiber for two weeks, on ceramic floor for three
weeks and, on mattress for four weeks when kept in distilled water [97]. According to
Noskin et al, E. faecalis was able to survive on countertops for 5 days. This comparatively
short time could be explained with the initial titer of 104 colony-forming units (CFU) [95].
Bale et al. revealed that E. faecalis survived for more than 77 days on glass slides [93].
Wendt et al. compared the survivability on polyvinyl chloride of E. faecalis and E. faecium as
well as of VREs and VSE. E. faecalis could persist for between one week and four months.
Moreover, the difference in survival for E. faecalis and E. faecium and for VRE and VSE was
not significant [94].

To study the survivability of VRE, Otter and French examined the persistence of two
strains of E. faecium and one strain of E. faecalis. The aggregate of these three strains was
able to survive for 6 weeks on stainless steel with a reduction of three log [87]. Bale et al.
showed that E. faecium could persist on glass slides for more than 77 days. There was no
significant difference between E. faecium and E. faecalis [93].

Noskin et al. examined the survival of E. faecium on countertops, where it was viable
for 7 days. The initial titer was comparatively low with 104 CFU [95]. In contrast to the
other studies, where the survival of E. faecalis and E. faecium was relatively similar, Neely
and Maley showed that E. faecium could survive for more than 80 days on each of the tested
materials in a strain-dependent manner (cotton, terry, blend, polyester, polyethylene); thus,
E. faecium has higher survival capabilities than E. faecalis [91].

In addition to the most clinical relevant enterococci, also studies on less well-known
enterococci as E. gallinarum and E. casseliflavus have been published [91]. Among others,
Neely and Maley showed that E. gallinarum can persist on cotton, terry and cotton-polyester
blend for 28, 34, and 34 days, respectively. On polyester and polyethylene, E. gallinarum
was found to be even viable after 90 days [91]. E. casseliflavus survival studies revealed
comparable viability over time, while on cotton, terry, and blend, it survived for 15, 28, and
15 days, it was still viable after 90 days on polyester and polyethylene [91]. Jawad et al.
could show that not further specified enterococci were able to survive on glass for roughly 3
days. The suspension in BSA increased the survival significantly—to roughly 45 days [111].
Each of the reported enterococci species showed a species and surface dependent survival
on various inanimate surfaces (Table 3).
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Clostridioides difficile

Clostridioides difficile, another human relevant gram-positive bacterial pathogen, is
frequently causing healthcare-associated infections. Thus, studies on the transmission of C.
difficile via hospital surfaces have been published. It has been demonstrated that C. difficile is
frequently found as contaminant on surfaces within hospital environments and prolonged
survival on these surfaces has been reported. For transmission, a small inoculating dose
is sufficient [158]. Vegetative C. difficile bacilli could survive on dry surfaces (glass) for
only 15 min while survival on moist surfaces has been detected for 6 h [88,89]. Studies
on survival of C. difficile spores showed that the spores are more likely resistant toward
drying, heat, and chemical agents compared to vegetative bacilli and thus were capable
to survive longer on glass slides than the vegetative forms [88,159]. It has been shown by
Kim et al. [160] that C. difficile inoculated onto floor material survived for five months [160].
Additionally, Otter et al. showed that C. difficile was able to persist on stainless steel for
more than six weeks with no significant loss in titer [87].

Survival of C. difficile has been reported to range from minutes as on glasses to months
as on floor materials (Table 3). A small dose is required for sufficient transmission, thus
implicating a potential risk for transmission via contaminated inanimate surfaces.

Listeria monocytogenes

The foodborne pathogen Listeria monocytogenes is linked to infections of the central
nervous system and maternal-neonatal listeriosis [161]. Infections with listeria is associated
with high morbidity and case fatality rates; thus, studies on L. monocytogenes virulence and
human listeriosis surveillance programs have been carried out in numerous amounts. Also,
survival analyses of L. monoytogenes on several inanimate surfaces have been proceeded.

Helke and Wong examined the survival of L. monocytogenes on stainless steel and
buna-n® rubber, inoculated in PBS and milk. On stainless steel and on buna-n® rubber, the
time until the bacteria were undetectable were determined to be between three and more
than 10 days. While it has been found that the inoculation in PBS and whey, a temperature
of 25 ◦C and a low relative humidity (32.5%) had negative effects on persistence, the
inoculation in milk, a temperature of 6 ◦C and a high relative humidity (75.5%) increased
the survival time [98]. Survival studies on stainless steel reported by Hansen and Vogel
revealed comparable results: L. monocytogenes was able to survive for more than 23 days.
Additionally, the survival of biofilm associated L. monotcytogenes on stainless steel has
been evaluated. Extending the investigation period to 49 days, it has been shown that
the life form biofilm had beneficial effect on survival. While a biofilm—especially an
osmo-adapted one—had a positive effect on survival, the concentration of tryptic soy broth
with 1% glucose (TSB-glu) had ambiguous effects [99].

Vogel et al. showed that L. monocytogenes was able to survive on stainless steel for
more than 91 days. TSB-glu enhanced the survivability more than physiological peptone
saline (PPS) and salmon juice. Furthermore, relative humidity had ambiguous effects on
persistence [100]. Nese et al. [102] could show that L. monocytogenes was able to survive for
at least 180 min on wood and plastic. On plastic, the survival was significantly better than
on wood [102].

Huang et al. [162] examined the effect of sigB on desiccation survival of L. monocy-
togenes. Listeria persistence was not affected by ∆sigB except in minimal medium. In all
tested conditions, the bacterium was able to persist for more than 21 dys [162].

L. monocytogenes has been shown to persist on inanimate surfaces in a material depen-
dent manner. Longest survival has been shown in studies on stainless steel with persistence
up to 91 days (Table 3).

Other Gram-Positive Bacteria

Micrococcus species are usually recognized as contaminants of the human skin. How-
ever, they have been detected as the cause of various infectious diseases, among others
bacteraemia and endocarditis. The number of publications reporting on survival of mi-
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crococcacea on inanimate surfaces is low. However, there are two studies dealing with
Micrococcus luteus survival [163]. It has been demonstrated that M. luteus survives for
at least one day on cotton lint, [96]. Zeidler and Müller could show, that M. luteus is
inactivated after 150 days on polycarbonate membrane filters [86].

One study did report on survival properties on inanimate surfaces of pathogenic Gram-
positive bacteria Corynebacterium diphtheriae. Even though infections with C. diphtheriae
mainly occur in underdeveloped countries, its impact on human health is imminent. There
have been only low numbers of reports on C. diphtheriae survival. According to Crosbie
and Wrigth, C. diphtheriae can survive in floor dust for up to 102 days [90].

Bacillus subtilis is a sporulating bacteria that is ubiquitous in the environment and its
pathogenic potential is widely described as low or absent [164]. However, in the literature, a
few cases of human infections caused by B. subtilis are reported, among them a nosocomial
infection outbreak in Japan [165–168]. Survival studies of B. subtilis on inanimate surfaces
are thus also more rarely published. Zeidler et al. showed a long-term survival of B. subtilis
on polycarbonate membrane filters with a 1–2-log titer reduction after 200 days [86].

3.4.2. Gram-Negative Bacteria

Infections caused by gram-negative bacteria are frequently occurring. Among the
most relevant gram-negative human pathogens are Klebsiella pneumoniae, Salmonella ssp,
and Escherichia coli.

Escherichia coli

Escherichia coli is a well-studied model organism for gram-negative bacteria. The Shiga-
toxin and Shiga toxin-like producing E. coli is an important foodborne pathogen, causing
the hemolytic-uremic syndrome especially in children. Additionally, the gut bacteria E. coli
is found to cause bloodstream infections associated with hospitalization [169]. Survival
analyses of E. coli on several inanimate surface have been published in numerous amounts.

Among others, Scott et al. examined the survival of E. coli on laminate and j-cloth®.
E. coli could survive on laminate for up to 24 h, although the titer was diminished signifi-
cantly after 4 h [104]. A comparison of wild-type strains with laboratory strains revealed
improved survivability of wild-type strains and a beneficial effect of soil conditions on
the survival. On j-cloth® and under soiled conditions, wild-type strains can persist for
more than 48 h, while laboratory strains survived for 4 h [104]. Clean conditions caused
an increased survival to 24 h of E. coli laboratory strains on cloth. Moreover, the contact
with contaminated surfaces and cloths has been found to represent a potential hazard if
in contact with food sources [104]. Also, others, among them Neely, tested the survival of
several gram-negative bacteria on cloths. E. coli was inactivated on cotton, terry, a cotton-
polyester blend and spandex at the latest after 2 days. In contrast to that, it survived on
polyester for up to 9 days and up to 25 days and 36 days on polyethylene and polyurethane,
respectively [129]. Hirai showed that E. coli was inactivated on cotton lint after 7 days [96].

According to Abrishami et al, E. coli was able to survive on wood for at least 2 h [133].
At that time point, the calculated log reduction did not exceed 1.7 logs, so it can be assumed
that the viability on wood is far longer than 2 h. The survivability on used wood was
increased in comparison to fresh wood [133]. Comparable results have been published by
Ak et al., who detected a ~4-log reduction after 2 h on wood [102]. Montibus et al. detected
survivability of E. coli on wood for at least 7 days [138]. On plastic, E. coli was still viable
after 24 h without showing any reduction in titer [133]. Another study revealed persistent
E. coli on plastic for more than 16 days at 4◦C [134]. Hokunan et al. examined the effect of
temperature and relative humidity on the persistence of three E. coli-strains (O26, O111,
O157:H7) on plastic. The authors could show that an increasing temperature led to a more
rapid bacterial decay. The strains seemed to be relatively resistant to most RHs—except
very high RH (93%). However, very low RHs were not studied. The longest survival was
detected at 5 ◦C and RH < 93%, where the bacteria persisted for more than 300 days without
a significant loss in titer. At 25 ◦C, all strains were inactivated after 100 days [135]. On a
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polymer and at 37 ◦C, E. coli persisted for 24 h as shown by Kampf et al. [105]. When the
polymer contained silver, E. coli was still detectable after 7 days in small amounts [105].
Maule reported that E. coli was not inactivated after 60 days on stainless steel at 4 ◦C. At the
same conditions E. coli was not detectable after 10 h on copper [134].

Wilks et al. studied the effect of copper on survivability of E. coli. The authors found
a quick bacterial inactivation on copper alloys at 20 ◦C: no viable strains were detectable
after 90 min on copper surfaces. In contrast to that, viable bacteria were still detectable
after 28 days on stainless steel, showing a 5-log reduction. Copper nickel and copper zinc
alloys take a middle ground between copper and stainless steel. A lower temperature
(4 ◦C) decelerated the bacterial decay [136].

Williams et al. compared the persistence of E. coli O157 on several metal and wood
surfaces [137]. Generally, the authors found that a low temperature (5◦ C) and a moist
environment as well as a wood surface to increase survival. A higher temperature (20 ◦C),
a desiccated environment, and a metal surface accelerated the bacterial decay. In a moist
environment, E. coli survived in all conditions for more than 28 days—except at 20 ◦C
on metal surfaces where it was inactivated after 7 days. The shortest persistence was
documented at 20 ◦C on metal and in a desiccated environment, where the strains were
already inactivated after 3 days.

In contrast to S. aureus, where all bacterial strains survived on ceramic floor, synthetic
fiber, cotton and mattress for more than eight weeks, E. coli was not so stable on all materials,
Esteves et al. showed. While E. coli was also able to persist on floor and mattress for more
than 8 weeks, it was inactivated after four weeks and eight weeks on synthetic fiber and
cotton, respectively [97]. In comparison to some enterococci, E. coli only persisted for 14
days on glass slides, Bale et al. showed [93]. According to Jawad et al, E. coli was only
detectable for 1 day on glass when suspended in distilled water, slightly increased to 3
days in BSA [111]. On polycarbonate membrane filters, E. coli DH5α were still detectable
after 6 h, although showing a 6-log reduction at that time [86].

The current available literature reporting on E. coli survival on different inanimate
surfaces is numerous. It is assumed that E. coli persistence is dependent on several factors.
Next to strain specific characteristics and material nature, also environmental conditions
as temperature and humidity have been shown to exhibit a huge impact on survivability
duration.

Klebsiella pneumoniae

Klebsiella spp. are frequently found to cause nosocomial infections, especially in im-
munocompromised patients suffering from severe underlying diseases. Most of the Kleb-
siella infections associated with hospitalization are caused by Klebsiella pneumoniae [170].
A few studies dealing with survival properties of K. pneumonia on inanimate surfaces
have been published. While Hirai stated that K. pneumoniae was inactivated after 1h
on cotton lint [96], Neely showed that the bacteria were able to survive for at least 4
days on fabrics—including cotton—and up to 27 days and 32 days on polyethylene and
polyurethane, respectively [129]. The results of Esteves et al. presented a bacterial survival
of K. pneumoniae on cotton and synthetic fiber for four weeks. The bacteria also survived on
ceramic floor and mattress for two weeks and three weeks, respectively [97]. Furthermore,
Otter et al. showed that K. pneumoniae was able to survive on stainless steel for 3–6 weeks.
The strains persisting for > 6 weeks showed a 4–5-log reduction in titer [87].

Different survival durations have been detected in the above-named studies for K.
pneumoniae, particularly when persistence on cotton has been analyzed, thus implicating
that survival of K. pneumoniae is dependent on various conditions and is probably also
strain specific.

Salmonella enterica

Salmonella spp. causes regularly occurring gastrointestinal infections after uptake of
contaminated water or foods, being particular clinical relevant as one of the most common
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source of food-borne illness worldwide [171]. Especially in elderly or immunosuppressed
patients, the infections are severe. Sallmonella enterica serovar Typhimurium is one of the
most important serotypes of Salmonella spp. and is linked to a transmission from animal to
the human host.

Survivability of S. Typhimurium on inanimate surfaces was first reported by Robertson
in 1972. When kept in ward dust, strains were detectable for at least four years and two
months [143]. In contrast, the surface of cotton resulted in much shorter lifespan of the
bacteria with 5 h of survival [96].

As transmission of Salmonella is linked to food sources, studies on survival capa-
bilities of Salmonella in different groceries have been published. Among them a study
from Helke and Wong, stating that S. Typhimurium survival is positively impacted by
low temperatures (here 6 ◦C), high RH (75.5%) and suspension in milk. In contrast, a
temperature of 25 ◦C, low RH (32.5%), and suspension in PBS or whey led to a faster inac-
tivation. Additionally, also the surfaces impacted survival duration. Generally, survival
has been detected to be much longer on stainless steel than on buna-n® rubber. The fastest
inactivation was found on buna-n® rubber at 25 ◦C and 32.5% RH, where there were no
bacteria detectable after 1 day. In milk, most bacteria persisted for more than 10 days [98].
The effect of lowering temperature has also been found by Hokunan et al., who showed
that S. Typhimurium persisted on plastic for more than 300 days, when kept at 5 ◦C [135].
At 15 and 25 ◦C, the strains were viable for up to 170 days and 90 days, respectively. Also, a
humidity-dependent survival has been detected. However, in contrast to Helke and Wong,
Hokunan et al. found a high RH of 93% leading to a faster bacterial decay as shown for
Salmonella on plastics [135]. Influence of environmental conditions such as medium have
further been eva luated by Lesne et al. who examined the survival of S. Typhimurium on
polycarbonate membranes [147]. The bacteria were detectable for 7–8 weeks—depending
on the medium used before [147]. Also, the growth phase of bacteria inoculated on the
surface has been shown to have an impact on survival duration. While early and mid-log
bacteria were detectable for at least eight weeks, stationary and plate-derived bacteria
were even detectable after 12 weeks at 4 ◦C on polystyrene- the plate-derived bacteria
showed almost no loss in titer at that time point [145]. Ramachandran et al. compared
the S. Typhimurium-strains ST313 and ST19. While both strains survived for one month
at RT on plastic and polycarbonate membranes, the titer of the biofilm-producing strain
ST19 decreased significantly less than that of the poor-biofilm producing strain ST313 [146].
On stainless steel, long term persistence has been proven in a study including four strains
of S. Typhimurium. Each of the strains were able to survive for more than 30 days [148].
A study of Finn et al. demonstrated consistent results with survival on stainless steel for a
minimum of six weeks under desiccation stresses with a relevant role of the osmoprotectant
transporter gene proP [144].

Next to S. Typhimurium, also studies on survival of Salmonella enterica serovar Abony
and serovar Enteritidis have been published. Among others, laboratory strains of S. Abony
were inoculated on laminate and j-cloth® under simulated clean and soiled conditions by
Scott et al. on j-cloth, the bacteria were able to survive for at least 48 h, regardless of the
condition. In contrast to the cloth, S. Abony persisted on laminate for up to 24 h in a soiled
condition, but was inactivated after 4 h in a clean condition [104].

The survival of Salmonella enterica serovar Enteritidis on almonds was studied by
Uesugi et al. [142]. The authors could show that S. enteritidis could survive for at least 171
days. At 4 ◦C, the titer reduction was lower than at 23 or 35 ◦C, confirming the temperature-
dependent survival capabilities of Salmonella [142]. On cotton lint, S. Enteritidis persisted
for up to 1 h, according to Hirai [96]. Margas et al. showed that S. Enteritidis persisted for
more than 30 days on stainless steel [148].

Other Salmonella spp. have also been tested on their survival properties on inanimate
surfaces. Among others, survival of not further defined wild-type Salmonella was analyzed
by Scott et al. [36]. They detected viable Salmonella for more than 24 h on laminate and
for more than 48 h on j-cloth® [36]. According to Margas et al., a total of 15 Salmonella
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isolates –including strains of the Salmonella enterica serovars Typhimurium and Enteritidis—
survived for more than 30 days on stainless steel [148]. Together with three E. coli-strains
and S. Typhimurium, Hokunan et al. also studied the survival of three other Salmonella
enterica serotypes, namely S. Chester, S. Oranienburg, and S. Stanley at three temperatures
(5, 15, 25 ◦C) and five different RHs. As found with E. coli and S. Typhimurium, the three
strains persisted generally longer at lower temperatures and the loss of viability was faster
at a high relative humidity (93%). Interestingly, S. Chester and S. Oranienburg survived
longer at 25 ◦C than at 15 ◦C. The longest survival of all three species were detected at 5 ◦C,
where the bacteria were not inactivated after 300 days and showed a maximum reduction
of 4 logs [135]. Other serotypes, S. Tennessee and S. Eimsbuettel were detectable after 72 h
on plastic at 22 ◦C and 40% RH according to a study by Abdelhamid et al [149]. The titer
reduction was 1-log after 72 h [149].

A high number of survival studies on Salmonella have been published so far. The evi-
dence that certain environmental conditions are impacting survival properties of Salmonella
is given in various publications. Temperature, RH and also surrounding medium are influ-
encing survival capability. Particularly presence of milk products is beneficially affecting
Salmonella survivability, thus implicating one reason for the frequently occurrence of the
foodborne illness of Salmonella infections. The survival of Salmonella enterica has been
detected to be serotype related.

Pseudomonas spp.

Pseudomonas aeruginosa, one prominent example of frequently occurring gram-negative
bacteria, is associated with hospital acquired infections due to its capability to survive
under challenging environmental conditions [172]. Neely presented that P. aeruginosa was
viable for up to 3 days on cloths and up to 10 days on plastics [129]. Esteves et al. showed a
much longer survival of P. aeruginosa on ceramic floor, synthetic fiber, cotton, and mattress
with survival for more than eight weeks [97].

Examination of P. aeruginosa survival using several strains, revealed a persistence
on plastic ranging between 9 h and more than 48 h in a strain-dependent manner as
demonstrated in a study of Panagea et al. [141]. According to Webster et al., P. aeruginosa
was viable for 4 days on Formica, 5 days on stainless steel and 1 day on a drip stand [110].
On a polymer and at 37 ◦C, P. aeruginosa has been shown to persist for more than 7 days
independent of the presence or absence of silver [105]. It has been shown by Scott and
Bloomfield that P. aeruginosa persisted for at least 24 h on laminate and 48 h on j-cloth®,
respectively. A suspension in tryptone soy broth did not affect the bacterial survival or
titer reduction [104]. Hirai showed that P. aeruginosa was inactivated after 2 h on cotton lint
while on glass, viable P. aeruginosa could not be detected after 7 h [96].

Further comparing survival of P. aeruginosa with Pseudomonas cepacia, the latter has
been detected to be less persistent on glass (5 h) and cotton lint (2 h) [96].

Additionally, to P. aeruginosa and P. cepacia, one study did also report on Pseudomonas
putida survival on glass. P. putida was inactivated on glass after 2 days [93].

Pseudomonas spp. have been found to survive on several inanimate surfaces in a
material-, species- and strain-dependent manner. The detected survival durations are
ranging between 2 h on cotton and 8 weeks on ceramic floor.

Acinetobacter spp.

A broad range of different diseases have been linked to infections with bacteria
belonging to the genus of Acinetobacter. Mainly associated with nosocomial infections and
most frequently human infecting Acinetobacter species is Acinetobacter baumannii. Numerous
outbreaks with A. baumannii in intensive care units have been reported [173]. Jawad et al.
examined the persistence of several A. baumannii-strains on glass and showed a range of
survival between 2 and 30 days in distilled water [111]. Furthermore, the mean survival
time was much longer with increasing RH from 28–34% than at 9–11% RH, with 20 days
and 3 days, respectively [118]. To evaluate if outbreak strains were more resistant against
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desiccation than sporadic strains, Jawad et al. tested the survival time of 22 outbreak and
17 sporadic strains. With a mean survival time of 27.29 days and 26.55 days for sporadic
and outbreak strains, no significant difference was detected [119]. Other studies on glass
revealed A. baumannii persistence between 7 and more than 100 days in a strain dependent
manner [120–122]. In this context, biofilm forming A. baumannii strains have been detected
to survive significantly longer (>35 days) on glass than non-biofilm forming strains (15
days) [121]. The strain-dependent survival could also be demonstrated for other surfaces
as plastics. Farrow et al. found a difference between certain strains which was substantial:
While strain ATCC 19606 only had a mean survival of 3 days, strain ATCC 17961 was
still detectable after 90 days [123]. Greene et al. studied the survival of A. baumannii
strains on plastic and compared its ability to form a biofilm and the presence or absence
of a multi-drug resistance (MDR). The authors found that the bacteria were inactivated
at earliest after 56 days. Furthermore, a MDR and the ability to form biofilms led to an
increased survival [124]. These results are comparable to those published for survival on
glass surfaces.

On Formica, stainless steel and a drip stand, A. baumannii survived for 11, 12, and 6
days, respectively, Webster et al. showed [110]. According to Zeidler and Müller [86], A.
baumannii were able to persist on polycarbonate membrane filters for at least 20 days to
more than 28 days, depending on the used media and washing substances [86].

Tipton et al. examined the relevance of the capsule for desiccation tolerance [125].
They found that in a 12 days investigation period, the loss of a capsule led to a signifi-
cantly faster bacterial decay than in the control [125]. To compare the capsule types of
A. baumanni—virulent opaque (VIR-O) and avirulent translucent (AV-T) cells, Chin et al.
inoculated plastic with both capsule types [126]. While both phenotypes persisted for more
than 8 days, VIR-O was more stable than AV-T cells at dry surfaces. Furthermore AV-T
cells additionally converted into VIR-O cells when exposed to desiccation conditions [126].

Next to A. baumannii which has former been designated as Acinetobacter calcoaceticus
var. anitratus, other Acinetobacter species are, even though occurring more rarely, also
linked to nosocomial infections. Musa et al., investigated the survival of A. calcoaceticus var.
Iwolfii and compared it with A. baumannii survival capabilities. While var. Iwolfii persisted
for 24 h on Formica, the survival of A. baumannii was detected to be between 48 h and 72
h [127]. This study stands in contrast to an investigation published by Getchell White et al.
who found a median survival on Formica of var. lwoffii of 10.2 days and of A. baumannii of
8.2 days [128]. Hirai compared also the survival on both species but investigated another
material, being glass and cotton lint. A. baumannii did survive on glass for more than 7 h
and on cotton lint more than 25 days whereas var. Iwolfii was inactivated on cotton lint
already after an investigation period of 7 h [96]. On glass and polypropylene, A. calcoaceticus
was able to survive for at least 14 days [93]. Jawad et al. found that A. calcoaceticus survived
for 22–23 days on glass, when kept in distilled water. The mean survival was subsequently
longer when kept in bovine serum albumin, indicating a beneficial effect of nutrient
supply [111]. Jawad et al. further found that on glass A. calcoaceticus var. lwoffii only
persisted for 18 h in average at 10% RH and one to six days at 31% RH [118], confirming
previously described beneficial effect of increased RH on survival capabilitites.

In contrast to var. lwoffii, A. radioresistens had a mean survival time on glass of 157
days at 31% RH and 31 days at 10% RH, as Jawad et al. showed [118].

Not further specified clinical strains of Acinetobacter were evaluated on Formica,
stainless steel, and a drip stand by Webster et al. Survival was stated to be 6 days on
stainless steel and Formica and 3 days on the drip stand [110]. Another investigation
revealed a survival of Acinetobacter of six weeks on stainless steel, this being even longer
than the survival duration described by Webster et al. [87]. Neely showed that Acinetobacter
spp. were able to survive for up to 14 days on cloths and for more than 60 days on
polyethylene and polyurethane [129].

Acinetobacter survival has been shown to vary widely on different materials and
between species. A. baumannii, the most prominent Acinetobacter species causing infections
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in humans has been demonstrated to be most persistent on glass. It has also been shown
that the capsulation of A. baumannii is a key factor in persistence capability.

Other Gram-Negative Bacteria

Neisseria gonorrhoeae is known to cause the sexually transmitted infection gonorrhea,
being a global public health concern with increasing numbers of reports on antibiotic
resistances [174]. Even though main transmission of N. gonorrhoeae takes places via sexual
contacts, also studies on persistence on inanimate surfaces have been performed. Pérez et al.
were able to show that N. gonorrhoeae could survive for at least 24 h on plastic and bed
sheets. After 24 h, the remaining amount of bacteria was 9.1% and 8% on plastic and bed
sheets, respectively [140].

Francisella tularensis is the cause of tularemia and has been reported to be isolated from
birds, reptiles, fish, invertebrates, rodents, amoeba and higher mammals [175,176]. Human-
to-human transmission has not been reported for tularemia, it is rather associated with
contact to infected animals. One study reporting on survival of F. tularensis was published.
Richter et al. examined the survival of two (Schu4 and LVS) F. tularensis strains on glass
and paper at several temperatures and distinct RHs. Generally, F. tularensis strain Schu4
had a better survivability than the strain LVS. Both strains persist longer on glass than
on paper at almost all tested conditions. A rising temperature and RH led to a decreased
survival time. The longest survival was seen at 38 ± 2 ◦C and 41 ± 5% relative humidity:
both strains were still detectable after 10 days on glass. On paper, Schu4 was inactivated
after 96 h and LVS after 24 h [139].

Shigella dysenteriae is associated with diarrheal diseases, transmitted predominantly
via unsafe drinking water. Shigella is a highly infectious human pathogen from which as
small as ten organisms are enough to cause disease in human [177]. Islam et al. examined
the survival of S. dysenteriae on several surfaces. The bacteria survived for 3 h on wood
and 4 h on cloth. Furthermore, the persistence accounted for 2 h on glass and aluminum
and 1.5 h on plastic [150].

Proteus mirabilis, commonly found in human feces, is known to be a causative agents
of urinary tract infections [178,179]. Together with other gram-negatives, Neely examined
the survival of P. mirabilis on several cloths as well as plastics. On cloths, the bacteria
persisted between 4 h and 9 days. The survival on polyethylene was similar to those on
cloths, but on polyurethane, P. mirabilis was able to survive for up to 26 days [129].

Serratia spp., especially S. marcescens, cause mainly nosocomial infections and out-
breaks are reported [180,181]. Neely showed that S. marcescens persisted on cotton, terry
cloth and a cotton-polyester blend for up to 3 days. In contrast to that, the survival on
polyester and spandex was slightly longer with 6–7 days, and even longer on polyethylene
and polyurethane with up to 10 days [129]. According to Hirai, S. marcescens was inacti-
vated on cotton lint after just one h, but was still viable after 7 h on glass, although showing
a 2-log reduction in titer [96]. Furthermore, Jawad et al. detected S. marcescens for 10 days
on glass in distilled water [111].

Infections with Bordetella pertussis have been shown to be endemic in adolescents
and adults. Symptomatic adolescent are the main source of infections in unvaccinated
children [182]. Hahn and Janßen wrote in an overview article on Bordetella that Bordetella
pertussis were able to survive in dust and on plastic and cloth for 3–5 days without being
specific about methods or providing a source [130].

Campylobacter jejuni is one major source of gastroenteritis and cases of C. jejuni in-
fections are reported worldwide [183]. Two studies on C. jejuni survival properties on
inanimate surfaces have been published: C. jejuni were inactivated within 2 h, when dried
on filter paper, Luechtefeld et al. stated [131]. Oosterom et al. showed that C. jejuni when
dried rapidly was inactivated after 15–30 min on aluminum, stainless steel, ceramics, and
Formica, whereas when dried slowly, it was detectable for 7 h [132]. An explanation was
provided by the authors: The first time when the bacteria were not detectable anymore,
was the time point where the inoculum was visibly dried [132].
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Additionally, another human relevant pathogen is the bacterium Stenotrophomonas
maltophilia. S. maltophilia is mainly associated to cause nosocomial infections in immunocom-
promised patients but is also found as the cause of community acquired infections [184,185].
Survival analysis showed that S. maltophilia persisted on several cloths for 7 days [84].

3.4.3. Other Bacteria

While a lot is published on gram-positive and gram-negative bacteria persisting on
several inanimate surfaces, less has been published on other bacteria such as Mycobacterium
bovis, Chlamyida pneumoniae and Chlamydia trachomatis. The data described below are further
listed in Table 5.

By now, only one study investigated the survival of M. bovis. Hirai [96] described that
M. bovis is viable for at least two months on cotton lint [96].

While Falsey and Walsh showed that C. pneumoniae survived on tissue paper for 12 h
and on Formica for even 30 h [151], Novak et al. analyzed the survival of C. trachomatis on
plastic. C. trachomatis persisted for 30 min and 120 min on plastic at 56% and 100% RH, re-
spectively [152]. Generally, the survival durations of Chlamydia spp. have been shown to be
shorter than described for other human pathogenic bacteria. Additionally, it is to mention
that the increase of RH is not affecting the persistence of C. trachomatis. However, more
studies on Chlamydia and Mycobacterium survival are necessary to provide reliable data.

3.5. Fungi

Globally, several billions of people are infected every year by fungi. Even though the
pathogenic potential of numerous fungal species is unknown and other species are known
to cause only harmless infections, a few fungi have been reported to frequently cause fatal
infections in humans [186].

Especially immunocompromised patients, such as individuals suffering from HIV in-
fections, cancer or organ transplant patients are at higher risk to develop more severe forms
of fungal infection. Particularly, immunocompromised patients are often hospitalized;
thus, the transmission of fungi from hospital-associated surfaces is from interest. Survival
studies involving yeast and filamentous fungi on inanimate surfaces are summarized below.
The findings are further listed in Table 6.

Table 6. Survival of fungi on inanimate surfaces. Survival duration is given in ranges.

Pathogen Material (Cluster) Survival (Range) References

Aspergillus flavus Cloths 2–>30 days [187]
Plastics 8–>30 days [187]

Aluminum ≥120 h [188]
Copper 96 h [188]

Cardboard 24–>48 h [103]
Aspergillus fumigatus Cloths 1–>30 days [92,187]

Plastics 5–>30 days [187]
Aluminum ≥120 h [188]

Copper 120 h [188]
Aspergillus niger Cloths 1–>30 days [187]

Plastics 2–>30 days [187]
Flooring materials >28 days [189]

Aluminum >576 h [188]
Copper >576 h [188]

Geotrichum candidum Cloths 6–21 days [92]
Penicillium crysogenum Aluminum ≥120 h [188]

Copper 6 h [188]
Penicillium expansum Wood >7 days [138]

Apple >7 days [138]
Candida albicans Stainless steel 60 min–>7 days [105,190–195]

Copper alloys 5 min–6 h [188,190]
Aluminum ≥120 h [188]

Cloths 1–>14 days [92,187,191]
Plastics 4–>7 days [105,187,194]
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Table 6. Cont.

Pathogen Material (Cluster) Survival (Range) References

Glass 3 days [191]
Candida auris Plastics >14 days [195–197]

Steel >7 days [192]
Candida glabrata Cloths >30 days [92]

Steel >7 days [192]
Candida krusei Cloths <1–>30 days [92,187]

Plastics 3–7 days [187]
Candida parapsilosis Cloths 2–>30 days [92,187,191]

Stainless steel >7 days [191,192]
Glass >14 days [191]

Plastics >28 days [187,195]
Candida tropicalis Cloths 1–> 30 days [92,187]

Plastics 6–18 days [187]
Cryptococcus neoformans Cloths >30 days [92]
Saccharomyces cerevisiae Cardboard fibres >48 h [103]

Plastic >48 h [103]
Copper <0.5 min [190]

Stainless steel >5 min [190]
Fusarium spp. Aluminum ≥120 h [188]

Copper 48 h [188]
Cloths 4–10 days [187]
Plastics 6–>30 days [187]

Maize stalk residue >630 days [197]
Mucor spp. Cloths 16–>30 days [187]

Plastics 20–21 days [187]
Paecilomyces spp. Cloths <1–11 days [187]

Plastics 4–11 days [187]

3.5.1. Filamentous fungi

The most often clinically associated filamentous fungi belong to the genus Aspergillus.
This genus is characterized by high diversity and contains over 330 species that occur
worldwide in various habitats [198]. Aspergillosis is the term of infectious diseases caused
by Aspergillus—among them are noninvasive infections of the respiratory tract, ears,
or eyes. Additionally, also invasive infections with Aspergillus are reported, mainly oc-
curring after surgery or upon immunosuppression. These are considered to cause more
likely lethal forms of aspergillosis [199] The most clinically relevant Aspergillus species is
Aspergillus fumigatus.

Literature research revealed a few studies dealing with A. fumigatus survival on
surfaces. While the study group around Weave et al. demonstrated a persistence on
aluminum and copper for 120 h [188], others studied the survivability on cloths and plastic.
Koca et al. revealed the capability of A. fumigatus to survive on cotton, cotton-polyester and
wool for more than 30 days and on silk for 27 days [92], which could be proven in a study
of Neely and Orloff with survival of 1 to at least 30 days on both, cloths and plastics [187].
Similar survivability on cloths and plastics have been described for Aspergillus niger and
Aspergillus flavus [187]. In contrast to A. fumigatus, A. flavus showed only 96 h persistence on
copper and A. niger a survivability for more than 567 h, while aluminum as the evaluating
surface revealed for each of the Aspergillus species a persistence of more than 120 h [188].
A. flavus additionally has been analyzed on its persistence on a cardboard in a study from
Siroli et al., where they showed a longer survivability on cardboard in humid conditions
(more than 48 h) than in dry conditions (less than 24 h) [103]. Also flooring materials
have been shown to be an inanimate surface suitable for long survivability of Aspergillus.
A study on A. niger survivability on flooring materials including wood, porcelain tile
and vinyl demonstrate that A. niger is capable to survive for at least 28 days on these
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materials. In contrast, A. niger spores were undetected on both, residential broadloom- and
rubber-backed carpets after 2 days [189].

Aspergillus spp. has been shown to persist for periods up to 30 days on different
inanimate surfaces in a surface- and species-dependent manner. Additionally, it could have
been demonstrated that the humidity is influencing the persistence capability of Aspergillus.

Next to Aspergillus, also other filamentous fungi are known to cause infections in
humans among them Geotrichium candidum and Penicillium spp.

In a study by Koca et al., G. candidum has been detected to survive for 6 days on cotton-
polyester and silk, 12 days on wool and for 21 days d on cotton [92]. Other fungal species
as Penicillium crysogenum have been detected to survive on aluminum much longer (>120 h)
compared to copper (6 h) [188]. Penicillium expansum persisted in another examination
from Monitbus et al., for more than 7 days on wood and also on apples, which is similar to
the results obtained for the bacterial pathogen E. coli [138].

Fusarium is a large genus comprising several species. Most of them are plant and
soil associated and harmless for humans. Other species have been connected to produce
mycotoxins, potentially affecting human health. Infections by Fusarium are linked to an
uptake of the fungi via the food chain [200]. Among the clinically relevant Fusarium
species is Fusarium solani. Together with the plant pathogens Fusarium culmonium and
Fusarium oxysporium, it has been reported to survive for at least 120 h on aluminum
while inactivated on copper after 48 h [188]. Fusarium verticilloides has been shown to
persist in maize residues for at least 630 days as detected in a long term study by Cotten
and Munkvold [197]. Additionally, another study with not further defined Fusarium
species has reported on persistence on cloths for 10 days, on polyurethane for 6 days
and on polyethylene for more than 30 days [187]. Mucormycosis, an invasive fungal
infection caused among others by species belonging to the genus of Mucor, is known to be
often severe in immunocompromised patients [201]. In a survival analysis by Neely and
Orloff [187] Mucor ssp. was detected to persist for 16 to 24 days on most of a broad range
of tested cloths and plastics with the exception of spandex. On spandex, Mucor survived
even longer than 30 days [187]. Neely and Orloff additionally studied survival properties
of Paecilomyces spp., which is ascertained to be a rarely occurring human pathogen [202].
On cloths and plastics, resulting in persistence of less than 1 day on cotton, terry and
cotton-polyester mix. On polyester, spandex, polyethylene, and polyurethane, it survived
for 5, 11, 4, and 11 days, respectively [187].

3.5.2. Candida spp.

Candida spp., belonging to the yeasts, is known to be a commensal fungus which is
commonly found on the human skin, mouth or in the gastrointestinal tract. Candida spp.
is able to elicit opportunistic infections called candidiasis, sometimes becoming invasive
with the potential to cause systemic infections of blood- or tissue- candidiasis. Candida spp.
is claimed to be the most common causative agent of fungal infections in humans, with
estimated 50,000 death per year, especially occurring among hospitalized patient [203].

Persistence of Candida has been studied on several surfaces with most data on Candida
albicans, which is the most described cause of candidiasis. As before already described
for filamentous fungi, growth on copper resulted in less long survival than growth on
aluminum [188]. Going along with these results, Quaranta et al. did link the shortened
survival on copper to a fungicide effect of copper alloys when comparing survival of C.
albicans on copper with survival on stainless steel. While C. albicans did persist for more
than 1 h on stainless steel and for a maximum of 60 min on nordic gold, the fungus persists
for only 5 min and 30 min on copper and cupronickel respectively [190]. Other studies on
stainless steel revealed a persistence capability of more than 24 h to 7 days at RT [191,192]
and persistence of less than 6 h at body temperature [193]. In contrast to copper, silver
impregnation did not work as a fungicide against C. albicans, as comparison of C. albicans
persistence on a polymer being silver impregnated or not reveal no difference and survival
in both cases has been at least 7 days [105]. Survival studies on C. albicans and textiles



Microorganisms 2021, 9, 343 28 of 36

showed persistence of 6 days on cotton, and cotton-polyester and 12 days on wool and
silk [92]. Other even defined survival for at least 14 d on both, silk and cotton [191]. Neely
and Orloff determined C. albicans survival on cloths to be more short ranging from 1 to 4
days and longer survival with up to 6 days on plastics [187]. The survival on plastics has
further been studied by Rangel-Frausto et al., resulting in persistence for at least 24 h [194].
On glass, C. albicans survived 3 days [191].

One Candida species increasingly recognized is Candida auris after first described in
2009 [204]. C. auris is described as an emerging multi-drug resistant fungal pathogen,
causing mainly nosocomial infections associated with high mortality [205]. Survivability
on plastic surfaces have been published by two different research groups. Welsh et al.
detected viable C. auris on plastics for at least 14 days [195], agreeing with a study of
Short et al. [196]. An assay measuring the esterase activity as parameter for living cells
revealed even survivability of more than 28 days on plastics [195]. On stainless steel,
Piedrahita et al. detected C. auris survival for more than 7 days [192].

Other clinically relevant Candida species are Candida glabrata, Candida krusei, Can-
dida parapsilosis, and Candida tropicalis. Researchers around Koca studied the survival of
C. glabrata, C. krusei, C. parapsilosis, and C. tropicalis on cotton, cotton-polyester, wool and
silk. While they found C. glabrata and C. parapsilosis being vital on each of the tested
surfaces for at least 30 days, C. krusei and C. tropicalis survived only on wool for more than
30 days. On cotton, cotton–polyester, and silk, survival of C. krusei has been determined to
be 3, 6, and 21 days and survival of C. tropicalis 3, 9, and 24 days, respectively. [92] Results
regarding C. parapsilosis survival on cloths and plastic confirmed the study of Neely and
Orloff from 2001 [187]. Neely and Orloff also demonstrated the survival of C. krusei being
shortened on cotton compared to other materials [187]. The fungus survived for less than a
day on terry, for 1 day on cotton and for 4 days on a cotton–polyester blend while survival
analysis on polyester and spandex showed 8 days and 11 days survival respectively. On
polyethylene, C. krusei survived 7 days and on polyurethane for 4 days [187]. Survival of
C. parapsilosis on cotton, cotton–polyester, steel, and glass have been shown to be at least
7–14 days [188,192] and on plastic more than 28 days [195]. C. tropicalis survival has been
studied by Neely and Orloff, on cloths to be 1–2 days on cotton and terry, 3–5 days on
cotton-polyester blend and on polyester and spandex, the fungus persisted for 8 days and
10 days respectively. Longest persistence has been detected to be on polyethylene and
polyurethane [187].

Candida has been detected to persist between a few minutes and a month on various
surfaces. While cloths have generally been detected to cause a more shortened survival,
other surfaces as plastics and steel result in an extended persistence of Candida.

3.5.3. Other Clinically Relevant Yeasts

Infections with the opportunistic yeast Cryptococcus neoformans are frequently reported
to occur in immunocompromised patients [206]. It has been demonstrated that C. neofor-
mans is capable to survive at least 30 days on cotton, cotton–polyester, silk, and wool [92].

The more rarely as a human pathogen detected baker’s yeast Saccharomyces cerevisiae
has been studied on its survival by Siroli et al. [103]. It has been demonstrated that S.
cerevisiae persists for more than 48 h on cardboard fibers and plastics [103]. As above
mentioned for Candida, also for S. cerevisiae the fungicidal effect of copper has been shown:
After 30 s of monitoring, the fungus was inactivated on copper alloys. In contrast, surviv-
ability of S. cerevisiae on stainless steel has been determined to be longer than the 5 min
investigation period [190].

4. Discussion

In this review, we summarized the current literature of the surface-survival of various
pathogens. Importantly, the interspecific and intraspecific range of survival time can vary
noticeably, depending on surface material, temperature, relative humidity, and initial
titer. Unsurprisingly, low temperatures are associated with longer persistence for most
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bacteria, fungi and viruses. while extensive research has been conducted for selected
species (e.g., E. coli, A. baumannii, or norovirus), the survivability of many species remains
widely unexplored. One reason for the lack of specific data is that cellular model systems
to study the respective pathogens are not available. Overall, DNA viruses remain longer
infectious as compared to RNA viruses (Tables 1 and 2). Nonetheless, certain RNA viruses
also remain infectious for weeks on selected surfaces (i.e., Poliovirus, Hepatits E virus,
Caliciviridae). Many clinically relevant filamentous fungi and bacteria remain infectious on
inanimate surfaces and can survive for months on dry surfaces (Tables 3–6). In vitro studies
can provide a first indication to assess the risk of transmission of a particular pathogen
by fomites, however the conditions presented in various experimental studies frequently
do resemble real-life scenarios (e.g., large inoculums, small surface area) and therefore
require careful interpretation. For example, SARS-CoV2 remains potentially infectious
on different surfaces for days (Table 2). However, the risk of transmission by fomites in
real-life conditions is considered unlikely to occur, if standard cleaning procedures and
precautions are enforced [207]. Furthermore, although different pathogens are readily
transferred between skin and surfaces, the fraction of pathogen transferred is dependent on
multiple factors including virus species and surface material. In particular, the efficiency
of transfer of a pathogen between fomite and skin is an important parameter to model its
potential for transmission and to implement effective hygiene measures, while avoiding
unnecessary measures.

Funding: J.E.W. is funded by a scholarship from the Medical Faculty—FoRUM program of the
Ruhr-University Bochum.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We acknowledge support by the Open Access Publication Funds of the Ruhr-
Universität Bochum.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Kanamori, H.; Rutala, W.A.; Weber, D.J. The Role of Patient Care Items as a Fomite in Healthcare-Associated Outbreaks and

Infection Prevention. Clin. Infect. Dis. 2017, 65, 1412–1419. [CrossRef]
2. Allan, M.; Atuhaire, C.; Nathan, M.; Ejobi, F.; Cumber, S.N. Bacterial contamination of Ugandan paper currency notes possessed

by food vendors around Mulago Hospital complex, Uganda. Pan Afr. Med. J. 2018, 31, 143. [CrossRef]
3. Inglis, T.J.J.; Spittle, C.; Carmichael, H.; Downes, J.; Chiari, M.; McQueen-Mason, A.; Merritt, A.J.; Hodge, M.; Murray, R.J.;

Dowse, G.K. Legionnaires’ Disease Outbreak on a Merchant Vessel, Indian Ocean, Australia, 2015. Emerging Infect. Dis. 2018, 24,
1345–1348. [CrossRef]

4. Canales, R.A.; Reynolds, K.A.; Wilson, A.M.; Fankem, S.L.M.; Weir, M.H.; Rose, J.B.; Abd-Elmaksoud, S.; Gerba, C.P. Modeling
the role of fomites in a norovirus outbreak. J. Occup. Environ. Hyg. 2019, 16, 16–26. [CrossRef] [PubMed]

5. Kraay, A.N.M.; Hayashi, M.A.L.; Hernandez-Ceron, N.; Spicknall, I.H.; Eisenberg, M.C.; Meza, R.; Eisenberg, J.N.S. Fomite-
mediated transmission as a sufficient pathway: A comparative analysis across three viral pathogens. BMC Infect. Dis. 2018, 18,
540. [CrossRef]

6. Lei, H.; Li, Y.; Xiao, S.; Lin, C.-H.; Norris, S.L.; Wei, D.; Hu, Z.; Ji, S. Routes of transmission of influenza A H1N1, SARS CoV, and
norovirus in air cabin: Comparative analyses. Indoor Air 2018, 28, 394–403. [CrossRef] [PubMed]

7. Bailey, E.S.; Lobaugh-Jin, E.; Smith, B.; Sova, C.; Misuraca, J.; Henshaw, N.; Gray, G.C. Molecular epidemiology of an outbreak of
human parainfluenza virus 3 among oncology patients. J. Hosp. Infect. 2019, 103, 349–353. [CrossRef] [PubMed]

8. Chia, G.; Ho, H.J.; Ng, C.-G.; Neo, F.J.-X.; Win, M.-K.; Cui, L.; Leo, Y.-S.; Chow, A. An unusual outbreak of rotavirus G8P8
gastroenteritis in adults in an urban community, Singapore, 2016. J. Clin. Virol. 2018, 105, 57–63. [CrossRef]

9. Chow, N.A.; Gade, L.; Tsay, S.V.; Forsberg, K.; Greenko, J.A.; Southwick, K.L.; Barrett, P.M.; Kerins, J.L.; Lockhart, S.R.; Chiller,
T.M.; et al. Multiple introductions and subsequent transmission of multidrug-resistant Candida auris in the USA: A molecular
epidemiological survey. Lancet Infect. Dis. 2018, 18, 1377–1384. [CrossRef]

10. Eyre, D.W.; Sheppard, A.E.; Madder, H.; Moir, I.; Moroney, R.; Quan, T.P.; Griffiths, D.; George, S.; Butcher, L.; Morgan, M.; et al.
A Candida auris Outbreak and Its Control in an Intensive Care Setting. N. Engl. J. Med. 2018, 379, 1322–1331. [CrossRef]

http://doi.org/10.1093/cid/cix462
http://doi.org/10.11604/pamj.2018.31.143.16738
http://doi.org/10.3201/eid2407.171978
http://doi.org/10.1080/15459624.2018.1531131
http://www.ncbi.nlm.nih.gov/pubmed/30274562
http://doi.org/10.1186/s12879-018-3425-x
http://doi.org/10.1111/ina.12445
http://www.ncbi.nlm.nih.gov/pubmed/29244221
http://doi.org/10.1016/j.jhin.2019.07.012
http://www.ncbi.nlm.nih.gov/pubmed/31356855
http://doi.org/10.1016/j.jcv.2018.06.004
http://doi.org/10.1016/S1473-3099(18)30597-8
http://doi.org/10.1056/NEJMoa1714373


Microorganisms 2021, 9, 343 30 of 36

11. Ruiz-GaitáN, A.; Moret, A.M.; Tasias-Pitarch, M.; Aleixandre-López, A.I.; Martínez-Morel, H.; Calabuig, E.; Salavert-Lletí,
M.; Ramírez, P.; López-Hontangas, J.L.; Hagen, F.; et al. An outbreak due to Candida auris with prolonged colonisation and
candidaemia in a tertiary care European hospital. Mycoses 2018, 61, 498–505. [CrossRef]

12. Xiao, S.; Li, Y.; Wong, T.-W.; Hui, D.S.C. Role of fomites in SARS transmission during the largest hospital outbreak in Hong Kong.
PLoS ONE 2017, 12, e0181558. [CrossRef]

13. Xiao, S.; Tang, J.W.; Li, Y. Airborne or Fomite Transmission for Norovirus? A Case Study Revisited. Int. J. Environ. Res. Public
Health 2017, 14, 1571. [CrossRef]

14. Schelenz, S.; Hagen, F.; Rhodes, J.L.; Abdolrasouli, A.; Chowdhary, A.; Hall, A.; Ryan, L.; Shackleton, J.; Trimlett, R.; Meis,
J.F.; et al. First hospital outbreak of the globally emerging Candida auris in a European hospital. Antimicrob. Resist. Infect. Control
2016, 5, 35. [CrossRef]

15. Van Schalkwyk, E.; Iyaloo, S.; Naicker, S.D.; Maphanga, T.G.; Mpembe, R.S.; Zulu, T.G.; Mhlanga, M.; Mahlangu, S.; Maloba, M.B.;
Ntlemo, G.; et al. Large Outbreaks of Fungal and Bacterial Bloodstream Infections in a Neonatal Unit, South Africa, 2012–2016.
Emerging Infect. Dis. 2018, 24, 1204–1212. [CrossRef] [PubMed]

16. Guo, H.; Lee, S.C.; Chan, L.Y.; Li, W.M. Risk assessment of exposure to volatile organic compounds in different indoor
environments. Environ. Res. 2004, 94, 57–66. [CrossRef]

17. Lynch, J.P.; Fishbein, M.; Echavarria, M. Adenovirus. Semin. Respir. Crit. Care Med. 2011, 32, 494–511. [CrossRef]
18. Gordon, Y.J.; Gordon, R.Y.; Romanowski, E.; Araullo-Cruz, T.P. Prolonged Recovery of Desiccated Adenoviral Serotypes 5, 8, and

19 from Plastic and Metal Surfaces In Vitro. Ophthalmology 1993, 100, 1835–1840. [CrossRef]
19. Abad, F.X.; Pinto, R.M.; Bosch, A. Survival of Enteric Viruses on Environmental Fomites. Appl. Environ. Microbiol. 1994, 60,

3704–3710. [CrossRef]
20. Rabenau, H.F.; Cinatl, J.; Morgenstern, B.; Bauer, G.; Preiser, W.; Doerr, H.W. Stability and inactivation of SARS coronavirus.

Med. Microbiol. Immunol. 2005, 194, 1–6. [CrossRef] [PubMed]
21. Mahl, M.C.; Sadler, C. Virus survival on inanimate surfaces. Can. J. Microbiol. 1975, 19–23. [CrossRef]
22. Roden, R.; Lowy, D.; Schiller, J. Papillomavirus is Resistant to Desiccation. Appl. Environ. Microbiol. 1997, 176,

1076–1079. [CrossRef]
23. Firquet, S.; Beaujard, S.; Lobert, P.-E.; Sané, F.; Caloone, D.; Izard, D.; Hober, D. Survival of Enveloped and Non-Enveloped

Viruses on Inanimate Surfaces. Microbes Environ. 2015, 30, 140–144. [CrossRef] [PubMed]
24. Nerurkar, L.S.; West, F.; May, M.; Madden, D.L.; Sever, J.L. Survival of Herpes Simplex Virus in Water Specimens Collected from

Hot Tubs in Spa Facilities and on Plastic Surfaces. JAMA 1983, 250, 3081–3083. [CrossRef]
25. Faix, R.G. Survival of cytomegalovirus on environmental surfaces. J. Pediatr. 1984, 106, 649–652. [CrossRef]
26. Faix, R.G. Comparative Efficacy of Handwashing Agents against Cytomegalovirus. Infect. Control 1987, 158–162.

[CrossRef] [PubMed]
27. Wood, J.P.; Choi, Y.W.; Wendling, M.Q.; Rogers, J.V.; Chappie, D.J. Environmental persistence of vaccinia virus on materials. Lett.

Appl. Microbiol. 2013, 57, 399–404. [CrossRef]
28. Sattar, S.A.; Lloyd-Evans, N.; Springthorpe, V.S. Institutional outbreaks of rotavirus diarrhoea: Potential role of fomites and

environmental surfaces as vehicles for virus transmission. Epidemiol. Infect. 1985, 96, 277–289. [CrossRef] [PubMed]
29. Keswick, B.H.; Pickering, L.; DuPont, H.L.; Woodward, W.E. Survival and Detection of Rotaviruses on Environmental Surfaces in

Day Care Centers. Appl. Environ. Microbiol. 1983, 46, 813–816. [CrossRef]
30. Moe, K.; Shirley, J.A. The Effects of Relative Humidity and Temperature on the Survival of Human Rotavirus in Faeces. Arch.

Virol. 1982, 72, 179–186. [CrossRef]
31. Mocé-Llivina, L.; Papageorgiou, G.T.; Jofre, J. A membrane-based quantitative carrier test to assess the virucidal activity of

disinfectants and persistence of viruses on porous fomites. J. Virol. Methods 2006, 135, 49–55. [CrossRef] [PubMed]
32. Tamrakar, S.B.; Henley, J.; Gurian, P.L.; Gerba, C.P.; Mitchell, J.; Enger, K.; Rose, J.B. Persistence analysis of poliovirus on three

different types of fomites. J. Appl. Microbiol. 2017, 122, 522–530. [CrossRef]
33. Mbithi, J.N.; Springthorpe, V.S.; Sattar, S.A. Effect of Relative Humidity and Air Temperature on Survival of Hepatitis A Virus on

Environmental Surfaces. Appl. Environ. Microbiol. 1991, 57, 1394–1399. [CrossRef] [PubMed]
34. Sattar, S.A.; Karim, Y.G.; Springthorpe, V.S.; Johnson-Lussenburg, C.M. Survival of human rhinovirus type 14 dried onto

nonporous inanimate surfaces: Effect of relative humidity and suspending medium. Can. J. Microbiol. 1987, 33, 802–806.
[CrossRef] [PubMed]

35. Kim, S.J.; Si, J.; Lee, J.E.; Ko, G. Temperature and humidity influences on inactivation kinetics of enteric viruses on surfaces.
Environ. Sci. Technol. 2012, 46, 13303–13310. [CrossRef]

36. D’Souza, D.H.; Sair, A.; Williams, K.; Papafragkou, E.; Jean, J.; Moore, C.; Jaykus, L. Persistence of caliciviruses on environmental
surfaces and their transfer to food. Int. J. Food Microbiol. 2006, 108, 84–91. [CrossRef]

37. Clay, S.; Maherchandani, S.; Malik, Y.S.; Goyal, S.M. Survival on uncommon fomites of feline calicivirus, a surrogate of noroviruses.
Am. J. Infect. Control 2006, 34, 41–43. [CrossRef]

38. Arthur, S.E.; Gibson, K.E. Environmental persistence of Tulane virus—A surrogate for human norovirus. Can. J. Microbiol. 2016,
62, 449–454. [CrossRef]

39. Warnes, S.L.; Keevil, C.W. Inactivation of norovirus on dry copper alloy surfaces. PLoS ONE 2013, 8, e75017. [CrossRef] [PubMed]

http://doi.org/10.1111/myc.12781
http://doi.org/10.1371/journal.pone.0181558
http://doi.org/10.3390/ijerph14121571
http://doi.org/10.1186/s13756-016-0132-5
http://doi.org/10.3201/eid2407.171087
http://www.ncbi.nlm.nih.gov/pubmed/29912684
http://doi.org/10.1016/S0013-9351(03)00035-5
http://doi.org/10.1055/s-0031-1283287
http://doi.org/10.1016/S0161-6420(93)31389-8
http://doi.org/10.1128/AEM.60.10.3704-3710.1994
http://doi.org/10.1007/s00430-004-0219-0
http://www.ncbi.nlm.nih.gov/pubmed/15118911
http://doi.org/10.1139/m75-121
http://doi.org/10.1086/516515
http://doi.org/10.1264/jsme2.ME14145
http://www.ncbi.nlm.nih.gov/pubmed/25843687
http://doi.org/10.1001/jama.1983.03340220049032
http://doi.org/10.1016/S0022-3476(85)80096-2
http://doi.org/10.1017/S0195941700065826
http://www.ncbi.nlm.nih.gov/pubmed/3034815
http://doi.org/10.1111/lam.12126
http://doi.org/10.1017/S0022172400066055
http://www.ncbi.nlm.nih.gov/pubmed/3701042
http://doi.org/10.1128/AEM.46.4.813-816.1983
http://doi.org/10.1007/BF01348963
http://doi.org/10.1016/j.jviromet.2006.01.021
http://www.ncbi.nlm.nih.gov/pubmed/16563525
http://doi.org/10.1111/jam.13299
http://doi.org/10.1128/AEM.57.5.1394-1399.1991
http://www.ncbi.nlm.nih.gov/pubmed/1649579
http://doi.org/10.1139/m87-136
http://www.ncbi.nlm.nih.gov/pubmed/2825955
http://doi.org/10.1021/es3032105
http://doi.org/10.1016/j.ijfoodmicro.2005.10.024
http://doi.org/10.1016/j.ajic.2005.05.013
http://doi.org/10.1139/cjm-2015-0756
http://doi.org/10.1371/journal.pone.0075017
http://www.ncbi.nlm.nih.gov/pubmed/24040380


Microorganisms 2021, 9, 343 31 of 36

40. Buckley, D.; Fraser, A.; Huang, G.; Jiang, X. Recovery Optimization and Survival of the Human Norovirus Surrogates Feline
Calicivirus and Murine Norovirus on Carpet. Appl. Environ. Microbiol. 2017, 83. [CrossRef] [PubMed]

41. Paintsil, E.; Binka, M.; Patel, A.; Lindenbach, B.D.; Heimer, R. Hepatitis C virus maintains infectivity for weeks after dry-
ing on inanimate surfaces at room temperature: Implications for risks of transmission. J. Infect. Dis. 2014, 209, 1205–1211.
[CrossRef] [PubMed]

42. Doerrbecker, J.; Friesland, M.; Ciesek, S.; Erichsen, T.J.; Mateu-Gelabert, P.; Steinmann, J.; Steinmann, J.; Pietschmann, T.;
Steinmann, E. Inactivation and survival of hepatitis C virus on inanimate surfaces. J. Infect. Dis. 2011, 204, 1830–1838.
[CrossRef] [PubMed]

43. Bean, B.; Moore, B.M.; Sterner, B.; Peterson, L.R.; Gerding, D.N.; Balfour, H.H., Jr. Survival of Influenza Viruses on Environmental
Surfaces. J. Infect. Dis. 1982, 146, 47–51. [CrossRef]

44. Greatorex, J.S.; Digard, P.; Curran, M.D.; Moynihan, R.; Wensley, H.; Wreghitt, T.; Varsani, H.; Garcia, F.; Enstone, J.; Nguyen-Van-
Tam, J.S. Survival of influenza A(H1N1) on materials found in households: Implications for infection control. PLoS ONE 2011, 6,
e27932. [CrossRef] [PubMed]

45. Perry, K.A.; Coulliette, A.D.; Rose, L.J.; Shams, A.M.; Edwards, J.R.; Noble-Wang, J.A. Persistence of Influenza A (H1N1) Virus on
Stainless Steel Surfaces. Appl. Environ. Microbiol. 2016, 82, 3239–3245. [CrossRef]

46. Thompson, K.-A.; Bennett, A.M. Persistence of influenza on surfaces. J. Hosp. Infect. 2017, 95, 194–199. [CrossRef] [PubMed]
47. Brady, M.T.; Evans, J.; Cuartes, J. Survival and disinfection of parainfluenza viruses on environmental surfaces. Am. J. Infect. Con-

trol 1990, 18, 18–23. [CrossRef]
48. Fogarty, R.; Halpin, K.; Hyatt, A.D.; Daszak, P.; Mungall, B.A. Henipavirus susceptibility to environmental variables. Virus Res.

2008, 132, 140–144. [CrossRef]
49. Hall, C.B.; Douglas, R.G., Jr.; Geiman, J.M. Possible Transmission by Fomites of Respiratory Syncytial Virus. J. Infect. Dis. 1980,

141, 98–102. [CrossRef]
50. Westhoff Smith, D.; Hill-Batorski, L.; N’jai, A.; Eisfeld, A.J.; Neumann, G.; Halfmann, P.; Kawaoka, Y. Ebola Virus Stability Under

Hospital and Environmental Conditions. J. Infect. Dis. 2016, 214, S142–S144. [CrossRef] [PubMed]
51. Sizun, J.e.a. Survival of human coronaviruses 229E and OC43 in suspension and after drying on surfaces: A possible source of

hospital-acquired infections. J. Hosp. Infect. 2000, 46, 55–60. [CrossRef]
52. Chan, K.H.; Peiris, J.S.M.; Lam, S.Y.; Poon, L.L.M.; Yuen, K.Y.; Seto, W.H. The Effects of Temperature and Relative Humidity on

the Viability of the SARS Coronavirus. Adv. Virol. 2011, 2011, 734690. [CrossRef]
53. van Doremalen, N.; Bushmaker, T.; Morris, D.H.; Holbrook, M.G.; Gamble, A.; Williamson, B.N.; Tamin, A.; Harcourt, J.L.;

Thornburg, N.J.; Gerber, S.I.; et al. Aerosol and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1. N. Engl. J. Med.
2020, 382, 1564–1567. [CrossRef]

54. Lai, M.Y.Y.; Cheng, P.K.C.; Lim, W.W.L. Survival of Severe Acute Respiratory Syndrome Coronavirus. Clin. Infect. Dis. 2005, 41,
e67–e71. [CrossRef]

55. Casanova, L.M.; Jeon, S.; Rutala, W.A.; Weber, D.J.; Sobsey, M.D. Effects of air temperature and relative humidity on coronavirus
survival on surfaces. Appl. Environ. Microbiol. 2010, 76, 2712–2717. [CrossRef]

56. Van Doremalen, N.; Bushmaker, T.; Munster, V.J. Stability of Middle East respiratory syndrome coronavirus (MERS-CoV) under
different environmental conditions. Eurosurveillance 2013, 18, 590. [CrossRef]

57. Chin, A.W.H.; Chu, J.T.S.; Perera, M.R.A.; Hui, K.P.Y.; Yen, H.-L.; Chan, M.C.W.; Peiris, M.; Poon, L.L.M. Stability of SARS-CoV-2
in different environmental conditions. Lancet Microbe 2020, 1, e10. [CrossRef]

58. Kratzel, A.; Steiner, S.; Todt, D.; V’kovski, P.; Brueggemann, Y.; Steinmann, J.; Steinmann, E.; Thiel, V.; Pfaender, S. Temperature-
dependent surface stability of SARS-CoV-2. J. Infect. 2020, 81, 452–482. [CrossRef]

59. Abad, F.X.; Villena, C.; Guix, S.; Caballero, S.; Pintó, R.M.; Bosch, A. Potential role of fomites in the vehicular transmission of
human astroviruses. Appl. Environ. Microbiol. 2001, 67, 3904–3907. [CrossRef] [PubMed]

60. Barre-Sinoussi, F.; Nugeyre, M.T.; Chermann, J.C. Resistance of AIDS virus at room temperature. Lancet 1985, 2,
721–722. [CrossRef]

61. Tjotta, E.; Hungnes, O.; Grinde, B. Survival of HIV-1 activity after disinfection, temperature and pH changes, or drying. J. Med.
Virol. 1991, 35, 223–227. [CrossRef]

62. Bond, W.W.; Favero, M.S.; Petersen, N.J.; Gravelle, C.R.; Ebert, J.W.; Maynard, J.E. Survival of Hepatitis B-Virus after drying and
storage for one week. Lancet 1981, 1, 550–551. [CrossRef]

63. Favero, M.S.; Bond, W.W.; Petersen, N.J.; Berquist, K.R.; Maynard, J.E. Detection Methods for Study of the Stabillity of Hepatitis B
Antigen on Surfaces. J. Infect. Dis. 1974, 129, 210–212. [CrossRef]

64. Diovert, M.V.; Razonable, R.R. Cytomegalovirus. Microbiol. Spectr. 2016, 4. [CrossRef]
65. Levin, M.J.; Weinberg, A.; Schmid, D.S. Herpes Simplex Virus and Varicella-Zoster Virus. Microbiol. Spectr. 2016, 4.

[CrossRef] [PubMed]
66. Nowalk, A.; Green, M. Epstein-Barr Virus. Microbiol. Spectr. 2016, 4, 1–2. [CrossRef]
67. Sadiq, A.; Bostan, N.; Yinda, K.C.; Naseem, S.; Sattar, S. Rotavirus: Genetics, pathogenesis and vaccine advances. Rev. Med. Virol.

2018, 28, e2003. [CrossRef]
68. Zell, R. Picornaviridae-the ever-growing virus family. Arch. Virol. 2018, 163, 299–317. [CrossRef]
69. Vandini, S.; Viagi, C.; Fischer, M.; Lanari, M. Impact of Rhinovirus Infections in Children. Viruses 2019, 11, 521. [CrossRef]

http://doi.org/10.1128/AEM.01336-17
http://www.ncbi.nlm.nih.gov/pubmed/28864657
http://doi.org/10.1093/infdis/jit648
http://www.ncbi.nlm.nih.gov/pubmed/24273176
http://doi.org/10.1093/infdis/jir535
http://www.ncbi.nlm.nih.gov/pubmed/22013220
http://doi.org/10.1093/infdis/146.1.47
http://doi.org/10.1371/journal.pone.0027932
http://www.ncbi.nlm.nih.gov/pubmed/22132172
http://doi.org/10.1128/AEM.04046-15
http://doi.org/10.1016/j.jhin.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28139390
http://doi.org/10.1016/0196-6553(90)90206-8
http://doi.org/10.1016/j.virusres.2007.11.010
http://doi.org/10.1093/infdis/141.1.98
http://doi.org/10.1093/infdis/jiw167
http://www.ncbi.nlm.nih.gov/pubmed/27279525
http://doi.org/10.1053/jhin.2000.0795
http://doi.org/10.1155/2011/734690
http://doi.org/10.1056/NEJMc2004973
http://doi.org/10.1086/433186
http://doi.org/10.1128/AEM.02291-09
http://doi.org/10.2807/1560-7917.ES2013.18.38.20590
http://doi.org/10.1016/S2666-5247(20)30003-3
http://doi.org/10.1016/j.jinf.2020.05.074
http://doi.org/10.1128/AEM.67.9.3904-3907.2001
http://www.ncbi.nlm.nih.gov/pubmed/11525984
http://doi.org/10.1016/S0140-6736(85)92955-1
http://doi.org/10.1002/jmv.1890350402
http://doi.org/10.1016/S0140-6736(81)92877-4
http://doi.org/10.1093/infdis/129.2.210
http://doi.org/10.1128/microbiolspec.DMIH2-0022-2015
http://doi.org/10.1128/microbiolspec.DMIH2-0017-2015
http://www.ncbi.nlm.nih.gov/pubmed/27337486
http://doi.org/10.1128/microbiolspec.DMIH2-0011-2015
http://doi.org/10.1002/rmv.2003
http://doi.org/10.1007/s00705-017-3614-8
http://doi.org/10.3390/v11060521


Microorganisms 2021, 9, 343 32 of 36

70. Jacobs, S.E.; Lamson, D.M.; George, K.S.; Walsh, T.J. Human rhinoviruses. Clin. Microbiol. Rev. 2013, 26, 135–162.
[CrossRef] [PubMed]

71. Kennedy, J.L.; Pham, S.; Borish, L. Rhinovirus and Asthma Exacerbations. Immunol. Allergy Clin. N. Am. 2019, 39, 335–344.
[CrossRef] [PubMed]

72. Stuart, D.I.; Ren, J.; Wang, X.; Rao, Z.; Fry, E.E. Hepatitis A Virus Capsid Structure. Cold Spring Harb. Perspect. Med. 2019, 9.
[CrossRef] [PubMed]

73. Shin, E.C.; Jeong, S.H. Natural History, Clinical Manifestations, and Pathogenesis of Hepatitis A. Cold Spring Harb. Perspect. Med.
2018, 8. [CrossRef] [PubMed]

74. Estes, M.K.; Parashar, U.D. Viral gastroenteritis. Lancet 2018, 392, 175–186. [CrossRef]
75. Robilotti, E.; Deresinki, S.; Pinsky, B.A. Norovirus. Clin. Microbiol. Rev. 2015, 28, 134–164. [CrossRef] [PubMed]
76. Thorne, L.G.; Goodfellow, I.G. Norovirus gene expression and replication. J. Gen. Virol. 2014, 95, 278–291. [CrossRef]
77. Kawaoka, Y.; Neumann, G. Influenza viruses: An introduction. Methods Mol. Biol. 2012, 865, 1–9. [CrossRef]
78. Pleschka, S. Overview of influenza viruses. Swine Influenza 2013, 370, 1–20. [CrossRef]
79. Paules C, S.K. Influenza. Lancet 2017, 390, 697–708. [CrossRef]
80. Hutchinson, E.C. Influenza Virus. Trends Microbiol. 2018, 26, 809–810. [CrossRef]
81. Xie, M.; Chen, Q. Insight into 2019 novel coronavirus—An updated interim review and lessons from SARS-CoV and MERS-CoV.

Int. J. Infect. Dis. 2020, 94, 119–124. [CrossRef]
82. Schoeman, D.; Fielding, B.C. Coronavirus envelope protein: Current knowledge. Virol. J. 2019, 16, 69. [CrossRef] [PubMed]
83. Su, S.; Wong, G.; Shi, W.; Liu, J.; Lai, A.C.K.; Zhou, J.; Liu, W.; Bi, Y.; Gao, G.F. Epidemiology, Genetic Recombination, and

Pathogenesis of Coronaviruses. Trends Microbiol. 2016, 24, 490–502. [CrossRef] [PubMed]
84. De Wit, E.; van Doremalen, N.; Falzarano, D.; Munster, V.J. SARS and MERS: Recent insights into emerging coronaviruses.

Nat. Rev. Microbiol. 2016, 14, 523. [CrossRef]
85. Warnes, S.L.; Little, Z.R.; Keevil, C.W. Human Coronavirus 229E Remains Infectious on Common Touch Surface Materials. mBio

2015, 6, e01697-15. [CrossRef]
86. Zeidler, S.; Müller, V. The role of compatible solutes in desiccation resistance of Acinetobacter baumannii. Microbiologyopen 2019,

8, e00740. [CrossRef]
87. Otter, J.A.; French, G.L. Survival of nosocomial bacteria and spores on surfaces and inactivation by hydrogen peroxide vapor.

J. Clin. Microbiol. 2009, 47, 205–207. [CrossRef] [PubMed]
88. Jump, R.L.P.; Pultz, M.J.; Donskey, C.J. Vegetative Clostridium difficile survives in room air on moist surfaces and in gastric

contents with reduced acidity: A potential mechanism to explain the association between proton pump inhibitors and C.
difficile-associated diarrhea? Antimicrob. Agents Chemother. 2007, 51, 2883–2887. [CrossRef]

89. Buggy, B.P.; Wilson, K.H.; Fekety, R. Comparison of Methods for Recovery of Clostridium difficile from an Environmental Surface.
J. Clin. Microbiol. 1983, 18, 348–352. [CrossRef]

90. Crosbie, W.E.; Wright, H.D. Diphtheria bacilli in floor dust. Lancet 1941, 237, 656–659. [CrossRef]
91. Neely, A.N.; Maley Matthew, P. Survival of Enterococci and Staphylococci on Hospital Fabrics and Plastic. J. Clin. Microbiol. 2000,

38, 724–726. [CrossRef] [PubMed]
92. Koca, O.; Altoparlak, U.; Ayyildiz, A.; Kaynar, H. Persistence of nosocomial pathogens on various fabrics. Eurasian J. Med. 2012,

44, 28–31. [CrossRef]
93. Bale, M.J.; Bennett, P.M.; Beringer, J.E.; Hinton, M. The survival of bacteria exposed to desiccation on surfaces associated with

farm buildings. J. Appl. Bacteriol. 1993, 75, 519–528. [CrossRef]
94. Wendt, C.; Wiesenthal, B.; Dietze, E.; Rüden, H. Survival of Vancomycin-Resistant and Vancomycin-Susceptible Enterococci on

Dry Surfaces. J. Clin. Microbiol. 1998, 36, 3734–3736. [CrossRef]
95. Noskin, G.A.; Stosor, V.; Cooper, I.; Peterson, L.R. Recovery of Vancomycin-Resistant Enterococci on Fingertips and Environmental

Surfaces. Infect. Control Hosp. Epidemiol. 1995, 16, 577. [CrossRef]
96. Hirai, Y. Survival of bacteria under dry conditions; from a viewpoint of nosocomial infection. J. Infect. Dis. 1991, 19,

191–200. [CrossRef]
97. Esteves, D.C.; Pereira, V.C.; Souza, J.M.; Keller, R.; Simões, R.D.; Winkelstroter Eller, L.K.; Rodrigues, M.V.P. Influence of biological

fluids in bacterial viability on different hospital surfaces and fomites. Am. J. Infect. Control 2016, 44, 311–314. [CrossRef] [PubMed]
98. Helke, D.M.; Wong, A.C.L. Survival and Growth Characteristics of Listeria monocytogenes and Salmonella typhimurium on Stainless

Steel and Buna-N Rubber. J. Food Prot. 1994, 57, 963–968. [CrossRef]
99. Hansen, L.T.; Vogel, B.F. Desiccation of adhering and biofilm Listeria monocytogenes on stainless steel: Survival and transfer to

salmon products. Int. J. Food Microbiol. 2011, 146, 88–93. [CrossRef] [PubMed]
100. Vogel, B.F.; Hansen, L.T.; Mordhorst, H.; Gram, L. The survival of Listeria monocytogenes during long term desiccation is facilitated

by sodium chloride and organic material. Int. J. Food Microbiol. 2010, 140, 192–200. [CrossRef]
101. Daneshvar Alavi, H.E.; Truelstrup Hansen, L. Kinetics of biofilm formation and desiccation survival of Listeria monocytogenes in

single and dual species biofilms with Pseudomonas fluorescens, Serratia proteamaculans or Shewanella baltica on food-grade
stainless steel surfaces. Biofouling 2013, 29, 1253–1268. [CrossRef] [PubMed]

102. Ak, N.O.; Cliver, D.O.; Kaspar, C.W. Decontamination of Plastic and Wooden Cutting Boards for Kitchen Use. J. Food Prot. 1994,
57, 23–30. [CrossRef]

http://doi.org/10.1128/CMR.00077-12
http://www.ncbi.nlm.nih.gov/pubmed/23297263
http://doi.org/10.1016/j.iac.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/31284924
http://doi.org/10.1101/cshperspect.a031807
http://www.ncbi.nlm.nih.gov/pubmed/30037986
http://doi.org/10.1101/cshperspect.a031708
http://www.ncbi.nlm.nih.gov/pubmed/29440324
http://doi.org/10.1016/S0140-6736(18)31128-0
http://doi.org/10.1128/CMR.00075-14
http://www.ncbi.nlm.nih.gov/pubmed/25567225
http://doi.org/10.1099/vir.0.059634-0
http://doi.org/10.1007/978-1-61779-621-0_1
http://doi.org/10.1007/82_2012_272
http://doi.org/10.1016/S0140-6736(17)30129-0
http://doi.org/10.1016/j.tim.2018.05.013
http://doi.org/10.1016/j.ijid.2020.03.071
http://doi.org/10.1186/s12985-019-1182-0
http://www.ncbi.nlm.nih.gov/pubmed/31133031
http://doi.org/10.1016/j.tim.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27012512
http://doi.org/10.1038/nrmicro.2016.81
http://doi.org/10.1128/mBio.01697-15
http://doi.org/10.1002/mbo3.740
http://doi.org/10.1128/JCM.02004-08
http://www.ncbi.nlm.nih.gov/pubmed/18971364
http://doi.org/10.1128/AAC.01443-06
http://doi.org/10.1128/JCM.18.2.348-352.1983
http://doi.org/10.1016/S0140-6736(00)61019-X
http://doi.org/10.1128/JCM.38.2.724-726.2000
http://www.ncbi.nlm.nih.gov/pubmed/10655374
http://doi.org/10.5152/eajm.2012.06
http://doi.org/10.1111/j.1365-2672.1993.tb01589.x
http://doi.org/10.1128/JCM.36.12.3734-3736.1998
http://doi.org/10.2307/30141097
http://doi.org/10.1016/0195-6701(91)90223-U
http://doi.org/10.1016/j.ajic.2015.09.033
http://www.ncbi.nlm.nih.gov/pubmed/26577628
http://doi.org/10.4315/0362-028X-57.11.963
http://doi.org/10.1016/j.ijfoodmicro.2011.01.032
http://www.ncbi.nlm.nih.gov/pubmed/21334756
http://doi.org/10.1016/j.ijfoodmicro.2010.03.035
http://doi.org/10.1080/08927014.2013.835805
http://www.ncbi.nlm.nih.gov/pubmed/24102145
http://doi.org/10.4315/0362-028X-57.1.23


Microorganisms 2021, 9, 343 33 of 36

103. Siroli, L.; Patrignani, F.; Serrazanetti, D.I.; Chiavari, C.; Benevelli, M.; Grazia, L.; Lanciotti, R. Survival of Spoilage and Pathogenic
Microorganisms on Cardboard and Plastic Packaging Materials. Front. Microbiol. 2017, 8, 2606. [CrossRef]

104. Scott, E.; Bloomfield, S.F. The survival and transfer of microbial contamination via cloths, hands and utensils. J. Appl. Bacteriol.
1990, 68, 271–278. [CrossRef]

105. Kampf, G.; Dietze, B.; Grobe-Siestrup, C.; Wendt, C.; Martiny, H. Microbicidal Activity of a New Silver-Containing Polymer,
SPI-ARGENT II. Antimicrob. Agents Chemother. 1998, 42, 2440–2442. [CrossRef] [PubMed]

106. Wagenvoort, J.H.; Penders, R.J. Long-term in-vitro survival of an epidemic MRSA phage-group III-29 strain. J. Hosp. Infect. 1997,
35, 322–325. [CrossRef]

107. Wagenvoort, J.H.; Sluijsmans, W.; Penders, R.J. Better environmental survival of outbreak vs. sporadic MRSA isolates. J. Hosp.
Infect. 2000, 45, 231–234. [CrossRef]

108. Chaibenjawong, P.; Foster, S.J. Desiccation tolerance in Staphylococcus aureus. Arch. Microbiol. 2011, 193, 125–135.
[CrossRef] [PubMed]

109. Noyce, J.O.; Michels, H.; Keevil, C.W. Potential use of copper surfaces to reduce survival of epidemic meticillin-resistant
Staphylococcus aureus in the healthcare environment. J. Hosp. Infect. 2006, 63, 289–297. [CrossRef]

110. Webster, C.; Towner, K.J.; Humphreys, H. survival of acinetobacter on three clinically related inanimate surfaces. Infect. Control
Hosp. Epidemiol. 2000, 21, 246. [CrossRef] [PubMed]

111. Jawad, A.; Heritage, J.; Snelling, A.M.; Gascoyne-Binzi, D.M.; Hawkey, P.M. Influence of Relative Humidity and Suspending
Menstrua on Survival of Acinetobacter spp. on Dry Surfaces. J. Clin. Microbiol. 1996, 34, 2881–2887. [CrossRef] [PubMed]

112. Weese, J.S.; Jarlot, C.; Morley, P.S. Survival of Streptococcus equi on surfaces in an outdoor environment. Can. Vet. J. 2009, 50,
968–970.

113. Durham, A.E.; Hall, Y.S.; Kulp, L.; Underwood, C. A study of the environmental survival of Streptococcus equi subspecies equi.
Equine Vet. J. 2018, 50, 861–864. [CrossRef]

114. Marks, L.R.; Reddinger, R.M.; Hakansson, A.P. Biofilm formation enhances fomite survival of Streptococcus pneumoniae and
Streptococcus pyogenes. Infect. Immun. 2014, 82, 1141–1146. [CrossRef]

115. Ingham, S.C.; Wadhera, R.K.; Chu, C.-H.; DeVita, M.D. Survival of Streptococcus pyogenes on foods and food contact surfaces.
J. Food Prot. 2006, 69, 1159–1163. [CrossRef]

116. Tagg, J.R.; Ragland, N.L. Applications of BLIS typing to studies of the survival on surfaces of salivary streptococci and staphylo-
cocci. J. Appl. Bacteriol. 1991, 71, 339–342. [CrossRef]

117. Marshall, B.; Levy, S. Microbial contamination of musical wind instruments. Int. J. Environ. Health Res. 2011, 21,
275–285. [CrossRef]

118. Jawad, A.; Snelling, A.M.; Heritage, J.; Hawkey, P.M. Exceptional desiccation tolerance of Acinetobacter radioresistens. J. Hosp.
Infect. 1998, 39, 235–240. [CrossRef]

119. Jawad, A.; Seifert, H.; Snelling, A.M.; Heritage, J.; Hawkey, P.M. Survival of Acinetobacter baumanii in Dry Surfaces: Comparison
of Outbreak and Sporadic Isolates. J. Clin. Microbiol. 1998, 36, 1938–1941. [CrossRef]

120. Antunes, L.C.S.; Imperi, F.; Carattoli, A.; Visca, P. Deciphering the multifactorial nature of Acinetobacter baumannii pathogenicity.
PLoS ONE 2011, 6, e22674. [CrossRef] [PubMed]

121. Espinal, P.; Martí, S.; Vila, J. Effect of biofilm formation on the survival of Acinetobacter baumannii on dry surfaces. J. Hosp. Infect.
2012, 80, 56–60. [CrossRef]

122. Giannouli, M.; Antunes, L.C.S.; Marchetti, V.; Triassi, M.; Visca, P.; Zarrili, R. Virulence-related traits of epidemic Acinetobacter
baumannii strains belonging to the international clonal lineages I-III and to the emerging genotypes ST25 and ST78. BMC Infect.
Dis. 2013, 13, 1–11. [CrossRef] [PubMed]

123. Farrow, J.M.; Wells, G.; Pesci, E.C. Desiccation tolerance in Acinetobacter baumannii is mediated by the two-component response
regulator BfmR. PLoS ONE 2018, 13, e0205638. [CrossRef]

124. Greene, C.; Vadlamudi, G.; Newton, D.; Foxman, B.; Xi, C. The influence of biofilm formation and multidrug resistance
on environmental survival of clinical and environmental isolates of Acinetobacter baumannii. Am. J. Infect. Control 2016, 44,
e65–e71. [CrossRef]

125. Tipton, K.A.; Chin, C.-Y.; Farokhyfar, M.; Weiss, D.S.; Rather, P.N. Role of Capsule in Resistance to Disinfectants, Host Antimicro-
bials, and Desiccation in Acinetobacter baumannii. Antimicrob. Agents Chemother. 2018, 62. [CrossRef] [PubMed]

126. Chin, C.Y.; Tipton, K.A.; Farokhyfar, M.; Burd, E.M.; Weiss, D.S.; Rather, P.N. A high-frequency phenotypic switch links bacterial
virulence and environmental survival in Acinetobacter baumannii. Nat. Microbiol. 2018, 3, 563–569. [CrossRef]

127. Musa, E.K.; Desai, N.; Casewell, M.W. The survival of Acinetobacter calcoaceticus inoculated on fingertips and on formica. J. Hosp.
Infect. 1989, 15, 219–227. [CrossRef]

128. Getchell-White, S.; Donowitz, L.; Groschel, D. The Inanimate Environment of an Intensive Care Unit as a Potential Source
of Nosocomial Bacteria: Evidence for Long Survival of Acinetobacter calcoaceticus. Infect. Control Hosp. Epidemiol. 1989, 10,
402–407. [PubMed]

129. Neely, A.N. A Survey of Gram-Negative Bacteria Survival on Hospital Fabrics and Plastics. J. Burn Care Rehabil. 2000, 21,
523–527. [CrossRef]

130. Hahn, H.; Janßen, U. Bordetellen. In Medizinische Mikrobiologie; Springer: Berlin/Heidelberg, Germany, 1991; ISBN 978-3-662-
08626-1.

http://doi.org/10.3389/fmicb.2017.02606
http://doi.org/10.1111/j.1365-2672.1990.tb02574.x
http://doi.org/10.1128/AAC.42.9.2440
http://www.ncbi.nlm.nih.gov/pubmed/9736580
http://doi.org/10.1016/S0195-6701(97)90229-2
http://doi.org/10.1053/jhin.2000.0757
http://doi.org/10.1007/s00203-010-0653-x
http://www.ncbi.nlm.nih.gov/pubmed/21088825
http://doi.org/10.1016/j.jhin.2005.12.008
http://doi.org/10.1086/503214
http://www.ncbi.nlm.nih.gov/pubmed/10782579
http://doi.org/10.1128/JCM.34.12.2881-2887.1996
http://www.ncbi.nlm.nih.gov/pubmed/8940416
http://doi.org/10.1111/evj.12840
http://doi.org/10.1128/IAI.01310-13
http://doi.org/10.4315/0362-028X-69.5.1159
http://doi.org/10.1111/j.1365-2672.1991.tb03797.x
http://doi.org/10.1080/09603123.2010.550033
http://doi.org/10.1016/S0195-6701(98)90263-8
http://doi.org/10.1128/JCM.36.7.1938-1941.1998
http://doi.org/10.1371/journal.pone.0022674
http://www.ncbi.nlm.nih.gov/pubmed/21829642
http://doi.org/10.1016/j.jhin.2011.08.013
http://doi.org/10.1186/1471-2334-13-282
http://www.ncbi.nlm.nih.gov/pubmed/23786621
http://doi.org/10.1371/journal.pone.0205638
http://doi.org/10.1016/j.ajic.2015.12.012
http://doi.org/10.1128/AAC.01188-18
http://www.ncbi.nlm.nih.gov/pubmed/30297362
http://doi.org/10.1038/s41564-018-0151-5
http://doi.org/10.1016/0195-6701(90)90029-N
http://www.ncbi.nlm.nih.gov/pubmed/2794465
http://doi.org/10.1097/00004630-200021060-00009


Microorganisms 2021, 9, 343 34 of 36

131. Luechtefeld, N.W.; Wang, W.-L.L.; Blaser, M.J.; Reller, L.B. Evaluation of Transport and Storage Techniques for Isolation of
Campylobacter fetus subsp. jejuni from Turkey Cecal Specimens. J. Clin. Microbiol. 1981, 13, 438–443. [CrossRef] [PubMed]

132. Oosterom, J.G.J.A.; De Wilde, G.J.A.; De Boer, E.; De Blaauw, L.H.; Karman, H. Survival of Campylobacter jejuni during Poultry
Processing and Pig Slaughtering. J. Food Prot. 1983, 46, 702–706. [CrossRef]

133. Abrishami, S.; Tall, B.; Bruursema, T.; Epstein, P.; Shah, D. Bacterial Adherence and Viability on cutting board surfaces. J. Food Saf.
1994, 14, 153–172. [CrossRef]

134. Maule, A. Survival of verocytotoxigenic Escherichia coli O157 in soil, water and on surfaces. J. Appl. Microbiol. 2000, 88, 71S–78S.
[CrossRef] [PubMed]

135. Hokunan, H.; Koyama, K.; Hasegawa, M.; Kawamura, S.; Koseki, S. Survival Kinetics of Salmonella enterica and Enterohemor-
rhagic Escherichia coli on a Plastic Surface at Low Relative Humidity and on Low-Water Activity Foods. J. Food Prot. 2016, 79,
1680–1692. [CrossRef] [PubMed]

136. Wilks, S.A.; Michels, H.; Keevil, C.W. The survival of Escherichia coli O157 on a range of metal surfaces. Int. J. Food Microbiol. 2005,
105, 445–454. [CrossRef]

137. Williams, A.P.; Avery, L.M.; Killham, K.; Jones, D.L. Persistence of Escherichia coli O157 on farm surfaces under different
environmental conditions. J. Appl. Microbiol. 2005, 98, 1075–1083. [CrossRef]

138. Montibus, M.; Ismaïl, R.; Michel, V.; Federighi, M.; Aviat, F.; Le Bayon, I. Assessment of Penicillium expansum and Escherichia coli
transfer from poplar crates to apples. Food Control 2016, 60, 95–102. [CrossRef]

139. Richter, W.R.; Sunderman, M.M.; Wendling, M.Q.S.; Serre, S.; Mickelsen, L.; Rupert, R.; Wood, J.; Choi, Y.; Willenberg, Z.; Calfee,
M.W. Evaluation of altered environmental conditions as a decontamination approach for nonspore-forming biological agents.
J. Appl. Microbiol. 2019. [CrossRef] [PubMed]

140. Pérez, J.L.; Gómez, E.; Sauca, G. Survival of Gonococci from Urethral Discharge on Fomites. Eur. J. Clin. Microbiol. Infect. Dis.
1990, 9, 54–55. [CrossRef]

141. Panagea, S.; Winstanley, C.; Walshaw, M.J.; Ledson, M.J.; Hart, C.A. Environmental contamination with an epidemic strain of
Pseudomonas aeruginosa in a Liverpool cystic fibrosis centre, and study of its survival on dry surfaces. J. Hosp. Infect. 2005, 59,
102–107. [CrossRef]

142. Uesugi, A.R.; Danyluk, M.D.; Harris, L.J. Survival of Salmonella enteritidis Phage Type 30 on Inoculated Almonds Stored at −20, 4,
23, and 35 ◦C. J. Food Prot. 2006. [CrossRef] [PubMed]

143. Robertson, M.H. Survival of S. typhimurium in Floor Dust: A possible Reservoir of Infections in Institutions. Public Health 1972, 87,
39–45. [CrossRef]

144. Finn, S.; Händler, K.; Condell, O.; Colgan, A.; Cooney, S.; McClure, P.; Amézquita, A.; Hinton, J.C.D.; Fanning, S. ProP is required
for the survival of desiccated Salmonella enterica serovar typhimurium cells on a stainless steel surface. Appl. Environ. Microbiol.
2013, 79, 4376–4384. [CrossRef] [PubMed]

145. Gruzdev, N.; Pinto, R.; Sela Saldinger, S. Persistence of Salmonella enterica during dehydration and subsequent cold storage.
Food Microbiol. 2012, 32, 415–422. [CrossRef] [PubMed]

146. Ramachandran, G.; Aheto, K.; Shirtliff, M.E.; Tennant, S.M. Poor biofilm-forming ability and long-term survival of invasive
Salmonella typhimurium ST313. Pathog. Dis. 2016, 74. [CrossRef]

147. Lesne, J.; Berthet, S.; Binard, S.; Rouxel, A.; Humbert, F. Changes in culturabilty and virulence of Salmonella typhimurium during
long-term starvation under desiccating condition. Int. J. Food Microbiol. 2000, 60, 198–203. [CrossRef]

148. Margas, E.; Meneses, N.; Conde-Petit, B.; Dodd, C.E.R.; Holah, J. Survival and death kinetics of Salmonella strains at low relative
humidity, attached to stainless steel surfaces. Int. J. Food Microbiol. 2014, 187, 33–40. [CrossRef]

149. Abdelhamid, A.G.; Yousef, A.E. The Microbial Lipopeptide Paenibacterin Disrupts Desiccation Resistance in Salmonella enterica
Serovars Tennessee and Eimsbuettel. Appl. Environ. Microbiol. 2019, 85. [CrossRef]

150. Islam, M.S.; Hossain, M.A.; Khan, S.I.; Khan, M.N.H.; Sack, R.B.; Albert, M.J.; Huq, A.; Colwell, R.R. Survival of Shigella dysenteriae
Type 1 on Fomites. J. Health Popul. Nutr. 2001, 19, 177–182. [PubMed]

151. Falsey, A.R.; Walsh, E.E. Transmission of Chlamydia pneumoniae. J. Infect. Dis. 1993. [CrossRef]
152. Novak, K.D.; Kowalski, R.P.; Karenchak, L.M.; Gordon, Y.J. Chlamydia trachomatis Can Be Transmitted by a Nonporous Plastic

Surface in Vitro. Cornea 1995, 14, 523–526. [CrossRef]
153. Biedenbach, D.J.; Moet, G.J.; Jones, R.N. Occurrence and antimicrobial resistance pattern comparisons among bloodstream

infection isolates from the SENTRY Antimicrobial Surveillance Program (1997–2002). Diagn. Microbiol. Infect. Dis. 2004, 50,
59–69. [CrossRef]

154. Cosgrove, S.E.; Sakoulas, G.; Perencevich, E.N.; Schwaber, M.J.; Karchmer, A.W.; Carmeli, Y. Comparison of Mortality Associated
with Methicillin-Resistant and Methicillin-Susceptible Staphylococcus aureus Bacteremia: A Meta-analysis. Clin. Infect. Dis.
2002. [CrossRef]

155. Otto, M. Staphylococcus epidermidis pathogenesis. Methods Mol. Biol. 2014, 1106, 17–31. [CrossRef]
156. Baron, S. (Ed.) Medical Microbiology, 4th ed.; University of Texas Medical Branch at Galveston: Galveston, TX, USA, 1996; ISBN

0963117211.
157. Arias, C.A.; Murray, B.E. The rise of the Enterococcus: Beyond vancomycin resistance. Nat. Rev. Microbiol. 2012, 10,

266–278. [CrossRef]

http://doi.org/10.1128/JCM.13.3.438-443.1981
http://www.ncbi.nlm.nih.gov/pubmed/7016895
http://doi.org/10.4315/0362-028X-46.8.702
http://doi.org/10.1111/j.1745-4565.1994.tb00591.x
http://doi.org/10.1111/j.1365-2672.2000.tb05334.x
http://www.ncbi.nlm.nih.gov/pubmed/10880181
http://doi.org/10.4315/0362-028X.JFP-16-081
http://www.ncbi.nlm.nih.gov/pubmed/28221855
http://doi.org/10.1016/j.ijfoodmicro.2005.04.021
http://doi.org/10.1111/j.1365-2672.2004.02530.x
http://doi.org/10.1016/j.foodcont.2015.07.025
http://doi.org/10.1111/jam.14532
http://www.ncbi.nlm.nih.gov/pubmed/31782200
http://doi.org/10.1007/BF01969538
http://doi.org/10.1016/j.jhin.2004.09.018
http://doi.org/10.4315/0362-028X-69.8.1851
http://www.ncbi.nlm.nih.gov/pubmed/16924909
http://doi.org/10.1016/S0033-3506(72)80034-9
http://doi.org/10.1128/AEM.00515-13
http://www.ncbi.nlm.nih.gov/pubmed/23666329
http://doi.org/10.1016/j.fm.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22986208
http://doi.org/10.1093/femspd/ftw049
http://doi.org/10.1016/S0168-1605(00)00311-1
http://doi.org/10.1016/j.ijfoodmicro.2014.06.027
http://doi.org/10.1128/AEM.00739-19
http://www.ncbi.nlm.nih.gov/pubmed/11761771
http://doi.org/10.1093/infdis/168.2.493
http://doi.org/10.1097/00003226-199509000-00013
http://doi.org/10.1016/j.diagmicrobio.2004.05.003
http://doi.org/10.1086/377611
http://doi.org/10.1007/978-1-62703-736-5_2
http://doi.org/10.1038/nrmicro2761


Microorganisms 2021, 9, 343 35 of 36

158. Weber, D.J.; Anderson, D.J.; Sexton, D.J.; Rutala, W.A. Role of the environment in the transmission of Clostridium difficile in health
care facilities. Am. J. Infect. Control 2013, 41, 105–110. [CrossRef] [PubMed]

159. Russell, A.D. Bacterial Spores and Chemical Sporicidal Agents. Clin. Microbiol. Rev. 1990, 3, 99–119. [CrossRef]
160. Kim, K.-H.; Fekety, R.; Batts, D.H.; Brown, D.; Cudmore, M.; Silva, J., Jr.; Waters, D. Isolation of Clostridium difficile from the

Environment and Contacts of Patients with Antibiotic-Associated Colitis. J. Infect. Dis. 1981, 143, 42–50. [CrossRef]
161. Maury, M.M.; Tsai, Y.-H.; Charlier, C.; Touchon, M.; Chenal-Francisque, V.; Leclercq, A.; Criscuolo, A.; Gaultier, C.; Roussel, S.;

Brisabois, A.; et al. Uncovering Listeria monocytogenes hypervirulence by harnessing its biodiversity. Nat. Genet. 2016, 48, 308–313.
[CrossRef] [PubMed]

162. Huang, Y.; Ells, T.C.; Truelstrup Hansen, L. Role of sigB and osmolytes in desiccation survival of Listeria monocytogenes in
simulated food soils on the surface of food grade stainless steel. Food Microbiol. 2015, 46, 443–451. [CrossRef] [PubMed]

163. Von Eiff, C.; Kuhn, N.; Herrmann, M.; Weber, S.; Peters, G. Micrococcus Luteus as a Cause of Recurrent Bacteremia. Pediatr. Infect.
Dis. J. 1996, 15, 711–713. [CrossRef] [PubMed]

164. Oggioni, M.R.; Pozzi, G.; Valensin, P.E.; Galieni, P.; Bigazzi, C. Recurrent septicemia in an immunocompromised patient due to
probiotic strains of Bacillus subtilis. J. Clin. Microbiol. 1998, 36, 325–326. [CrossRef]

165. Matsumoto, S.; Suenaga, H.; Naito, K.; Sawazaki, M.; Hiramatsu, T.; Agata; Norio. Managment of Suspected Nosocomial Infection:
An Audit of 19 Hospitalized Patients with Septicemia Caused by Bacillus Species. Jpn. J. Infect. Dis. 2000, 53, 196–202. [PubMed]

166. Tsonis, I.; Karamani, L.; Xaplanteri, P.; Kolonitsiou, F.; Zampakis, P.; Gatzounis, G.; Marangos, M.; Assimakopoulos, S.F.
Spontaneous cerebral abscess due to Bacillus subtilis in an immunocompetent male patient: A case report and review of literature.
World J. Clin. Cases 2018, 6, 1169–1174. [CrossRef]

167. La Jeon, Y.; Yang, J.J.; Kim, M.J.; Lim, G.; Cho, S.Y.; Park, T.S.; Suh, J.-T.; Park, Y.H.; Lee, M.S.; Kim, S.C.; et al. Combined
Bacillus licheniformis and Bacillus subtilis infection in a patient with oesophageal perforation. J. Med. Microbiol. 2012, 61,
1766–1769. [CrossRef]

168. Weinstein, L.; Colburn, C.G.; Mass, B. Bacillus subtilis Meningitis and Bacteremia. AMA Arch. Intern. Med. 1950, 86, 585–594.
[CrossRef] [PubMed]

169. Peleg AY, H.D. Hospital-Acquired Infections Due to Gram-Negative Bacteria. N. Engl. J. Med. 2010, 362, 1804–1813.
[CrossRef] [PubMed]

170. Podschun, R.; Ullmann, U. Klebsiella spp. as Nosocomial Pathogens: Epidemiology, Taxonomy, Typing Methods, and Pathogenicity
Factors. Clin. Microbiol. Rev. 1998, 11, 589–603. [CrossRef]

171. Fàbrega, A.; Vila, J. Salmonella enterica serovar Typhimurium skills to succeed in the host: Virulence and regulation.
Clin. Microbiol. Rev. 2013, 26, 308–341. [CrossRef]

172. Lanini, S.; D’Arezzo, S.; Puro, V.; Martini, L.; Imperi, F.; Piselli, P.; Montanaro, M.; Paoletti, S.; Visca, P.; Ippolito, G. Molecular
epidemiology of a Pseudomonas aeruginosa hospital outbreak driven by a contaminated disinfectant-soap dispenser. PLoS ONE
2011, 6, e17064. [CrossRef]

173. Joly-Guillou, M.-L. Clinical impact and pathogenicity of Acinetobacter. Clin. Microbiol. Infect. 2005, 11, 868–873.
[CrossRef] [PubMed]

174. Unemo, M.; Shafer, W.M. Antimicrobial resistance in Neisseria gonorrhoeae in the 21st century: Past, evolution, and future. Clin.
Microbiol. Rev. 2014, 27, 587–613. [CrossRef] [PubMed]

175. Zeidner, N.S.; Carter, L.G.; Monteneiri, J.A.; Petersen, J.M.; Schriefer, M.; Gage, K.L.; Hall, G.; Chu, M.C. An outbreak of
Francisella tularensis in captive prairie dogs: An immunohistochemical analysis. J. Vet. Diagn. Investig. 2004, 16, 150–152.
[CrossRef] [PubMed]

176. Oyston, P.C.F.; Sjostedt, A.; Titball, R.W. Tularaemia: Bioterrorism defence renews interest in Francisella tularensis. Nat. Rev.
Microbiol. 2004, 2, 967–978. [CrossRef]

177. DuPont, H.L.; Levine, M.M.; Hornick, R.B.; Formal, S.B. Inoculum Size in Shigellosis and Implications for Expected Mode of
Transmission. J. Infect. Dis. 1989, 159, 1126–1128. [CrossRef] [PubMed]

178. Fairley, K.F.; Carson, N.E.; Gutch, R.C.; Leighton, P.; Grounds, A.D.; Laird, E.C.; McCallum, P.H.G.; Sleeman, R.L.; O’Keefe, C.M.
Site of infection in acute urinary-tract infection in general practice. Lancet 1971, 298, 615–618. [CrossRef]

179. Senior, B.W. Proteus morgani is less frequently associated with urinary tract infections than Proteus mirabilis—An Explanation.
J. Med. Microbiol. 1983. [CrossRef]

180. Kim, J.-H.; Choi, W.-H.; Yun, S.-W.; Chae, S.-A.; Yoo, B.-H. An outbreak of serratia marcescens sepsis in a pediatric ward. Clin.
Pediatr. (Phila) 2010, 49, 1000–1002. [CrossRef] [PubMed]

181. Chemaly, R.F.; Rathod, D.B.; Raad, I.I. A Tertiary Care Cancer Center Experience of the 2007 Outbreak of Serratia marcescens
Bloodstream Infection Due to Prefilled Syringes. Infect. Control Hosp. Epidemiol. 2009, 30, 1237–1238. [CrossRef]

182. Cherry, J.D. Epidemiology of pertussis. Pediatr. Infect. Dis. J. 2006, 25, 361–362. [CrossRef]
183. Man, S.M. The clinical importance of emerging Campylobacter species. Nat. Rev. Gastroenterol. Hepatol. 2011, 8, 669–685.

[CrossRef] [PubMed]
184. Brooke, J.S. Stenotrophomonas maltophilia: An emerging global opportunistic pathogen. Clin. Microbiol. Rev. 2012, 25,

2–41. [CrossRef]

http://doi.org/10.1016/j.ajic.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23622740
http://doi.org/10.1128/CMR.3.2.99
http://doi.org/10.1093/infdis/143.1.42
http://doi.org/10.1038/ng.3501
http://www.ncbi.nlm.nih.gov/pubmed/26829754
http://doi.org/10.1016/j.fm.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25475314
http://doi.org/10.1097/00006454-199608000-00019
http://www.ncbi.nlm.nih.gov/pubmed/8858680
http://doi.org/10.1128/JCM.36.1.325-326.1998
http://www.ncbi.nlm.nih.gov/pubmed/11135704
http://doi.org/10.12998/wjcc.v6.i16.1169
http://doi.org/10.1099/jmm.0.042275-0
http://doi.org/10.1001/archinte.1950.00230160097009
http://www.ncbi.nlm.nih.gov/pubmed/14770583
http://doi.org/10.1056/NEJMra0904124
http://www.ncbi.nlm.nih.gov/pubmed/20463340
http://doi.org/10.1128/CMR.11.4.589
http://doi.org/10.1128/CMR.00066-12
http://doi.org/10.1371/journal.pone.0017064
http://doi.org/10.1111/j.1469-0691.2005.01227.x
http://www.ncbi.nlm.nih.gov/pubmed/16216100
http://doi.org/10.1128/CMR.00010-14
http://www.ncbi.nlm.nih.gov/pubmed/24982323
http://doi.org/10.1177/104063870401600210
http://www.ncbi.nlm.nih.gov/pubmed/15053367
http://doi.org/10.1038/nrmicro1045
http://doi.org/10.1093/infdis/159.6.1126
http://www.ncbi.nlm.nih.gov/pubmed/2656880
http://doi.org/10.1016/S0140-6736(71)80066-1
http://doi.org/10.1099/00222615-16-3-317
http://doi.org/10.1177/0009922809351238
http://www.ncbi.nlm.nih.gov/pubmed/20118080
http://doi.org/10.1086/648661
http://doi.org/10.1097/01.inf.0000210478.60841.69
http://doi.org/10.1038/nrgastro.2011.191
http://www.ncbi.nlm.nih.gov/pubmed/22025030
http://doi.org/10.1128/CMR.00019-11


Microorganisms 2021, 9, 343 36 of 36

185. Gröschel, M.I.; Meehan, C.J.; Barilar, I.; Diricks, M.; Gonzaga, A.; Steglich, M.; Conchillo-Solé, O.; Scherer, I.-C.; Mamat, U.; Luz,
C.F.; et al. The phylogenetic landscape and nosocomial spread of the multidrug-resistant opportunist Stenotrophomonas maltophilia.
Nat. Commun. 2020, 11, 2044. [CrossRef]

186. Brown, G.D.; Denning, D.W.; Levitz, S.M. Tackling human fungal infections. Science 2012, 336, 647. [CrossRef]
187. Neely, A.N.; Orloff, M.M. Survival of Some Medically Important Fungi on Hospital Fabrics and Plastics. J. Clin. Microbiol. 2001,

39, 3360–3361. [CrossRef]
188. Weaver, L.; Michels, H.T.; Keevil, C.W. Potential for preventing spread of fungi in air-conditioning systems constructed using

copper instead of aluminium. Lett. Appl. Microbiol. 2010, 50, 18–23. [CrossRef]
189. Gupta, M.; Bisesi, M.; Lee, J. Comparison of survivability of Staphylococcus aureus and spores of Aspergillus niger on commonly

used floor materials. Am. J. Infect. Control 2017, 45, 717–722. [CrossRef]
190. Quaranta, D.; Krans, T.; Espírito Santo, C.; Elowsky, C.G.; Domaille, D.W.; Chang, C.J.; Grass, G. Mechanisms of contact-mediated

killing of yeast cells on dry metallic copper surfaces. Appl. Environ. Microbiol. 2011, 77, 416–426. [CrossRef] [PubMed]
191. Traoré, O.; Springthorpe, V.S.; Sattar, S.A. A quantitative study of the survival of two species of Candida on porous and

non-porous environmental surfaces and hands. J. Appl. Microbiol. 2002, 92, 549–555. [CrossRef]
192. Piedrahita, C.T.; Cadnum, J.L.; Jencson, A.L.; Shaikh, A.A.; Ghannoum, M.A.; Donskey, C.J. Environmental Surfaces in Healthcare

Facilities are a Potential Source for Transmission of Candida auris and Other Candida Species. Infect. Control Hosp. Epidemiol. 2017,
38, 1107–1109. [CrossRef]

193. Shimoda, T.; Okubo, T.; Enoeda, Y.; Yano, R.; Nakamura, S.; Thapa, J.; Yamaguchi, H. Effect of thermal control of dry fomites on reg-
ulating the survival of human pathogenic bacteria responsible for nosocomial infections. PLoS ONE 2019, 14, e0226952. [CrossRef]

194. Rangel-Frausto, M.S.; Houston, A.K.; Bale, M.J.; Fu, C.; Wenzel, R.P. An Experimental Model for Study of Candida Survival and
Transmission in Human Volunteers. J. Clin. Microbiol. Infect. Dis. 1994, 13, 590–595. [CrossRef]

195. Welsh, R.M.; Bentz, M.L.; Shams, A.; Houston, H.; Lyons, A.; Rose, L.J.; Litvintseva, A.P. Survival, Persistence, and Isolation of
the Emerging Multidrug-Resistant Pathogenic Yeast Candida auris on a Plastic Health Care Surface. J. Clin. Microbiol. 2017, 55,
2996–3005. [CrossRef]

196. Short, B.; Brown, J.; Delaney, C.; Sherry, L.; Williams, C.; Ramage, G.; Kean, R. Candida auris exhibits resilient biofilm characteristics
in vitro: Implications for environmental persistence. J. Hosp. Infect. 2019, 103, 92–96. [CrossRef]

197. Cotten, T.K.; Munkvold, G.P. Survival of Fusarium moniliforme, F. proliferatum, and F. subglutinans in Maize Stalk Residue.
Phytopathology 1998, 88, 550–555. [CrossRef]

198. Samson, R.A.; Visagie, C.M.; Houbraken, J.; Hong, S.-B.; Hubka, V.; Klaassen, C.H.W.; Perrone, G.; Seifert, K.A.; Susca, A.; Tanney,
J.B.; et al. Phylogeny, identification and nomenclature of the genus Aspergillus. Stud. Mycol. 2014, 78, 141–173. [CrossRef]

199. Zilberberg, M.D.; Nathanson, B.H.; Harrington, R.; Spalding, J.R.; Shorr, A.F. Epidemiology and Outcomes of Hospitalizations
with Invasive Aspergillosis in the United States, 2009–2013. Clin. Infect. Dis. 2018, 67, 727–735. [CrossRef]

200. Nelson, P.E.; Dignani, M.C.; Anaissie, E.J. Taxonomy, Biology, and Clinical Aspects of Fusarium Species. J. Clin. Microbiol. 1994, 7,
479–504. [CrossRef]

201. Prakash, H.; Chakrabarti, A. Global Epidemiology of Mucormycosis. J. Fungi (Basel) 2019, 5, 26. [CrossRef]
202. Sherwood, J.A.; Dansky, A.S. Paecilomyces Pyelonephritis Complicating Nephrolithiasis and Review of Paecilomyces Infections.

J. Urol. 1983, 130, 526–528. [CrossRef]
203. Kullberg, B.J.; Arendrup, M.C. Invasive Candidiasis. N. Engl. J. Med. 2015, 373, 1445–1456. [CrossRef] [PubMed]
204. Satoh, K.; Makimura, K.; Hasumi, Y.; Nishiyama, Y.; Uchida, K.; Yamaguchi, H. Candida auris sp. nov., a novel ascomycetous yeast

isolated from the external ear canal of an inpatient in a Japanese hospital. Microbiol. Immunol. 2009, 53, 41–44. [CrossRef]
205. Larkin, E.; Hager, C.; Chandra, J.; Mukherjee, P.K.; Retuerto, M.; Salem, I.; Long, L.; Isham, N.; Kovanda, L.; Borroto-Esoda,

K.; et al. The Emerging Pathogen Candida auris: Growth Phenotype, Virulence Factors, Activity of Antifungals, and Effect of
SCY-078, a Novel Glucan Synthesis Inhibitor, on Growth Morphology and Biofilm Formation. Antimicrob. Agents Chemother. 2017,
61. [CrossRef] [PubMed]

206. Torda, A.; Kumar, R.K.; Jones, P.D. The pathology of human and murine pulmonary infection with Cryptococcus neoformans var.
gattii. Pathology 2001, 33, 475–478. [CrossRef] [PubMed]

207. Mondelli, M.U.; Colaneri, M.; Seminari, E.M.; Baldanti, F.; Bruno, R. Low risk of SARS-CoV-2 transmission by fomites in real-life
conditions. Lancet Infect. Dis. 2020. [CrossRef]

http://doi.org/10.1038/s41467-020-15123-0
http://doi.org/10.1126/science.1222236
http://doi.org/10.1128/JCM.39.9.3360-3361.2001
http://doi.org/10.1111/j.1472-765X.2009.02753.x
http://doi.org/10.1016/j.ajic.2017.02.014
http://doi.org/10.1128/AEM.01704-10
http://www.ncbi.nlm.nih.gov/pubmed/21097600
http://doi.org/10.1046/j.1365-2672.2002.01560.x
http://doi.org/10.1017/ice.2017.127
http://doi.org/10.1371/journal.pone.0226952
http://doi.org/10.1007/BF01971311
http://doi.org/10.1128/JCM.00921-17
http://doi.org/10.1016/j.jhin.2019.06.006
http://doi.org/10.1094/PHYTO.1998.88.6.550
http://doi.org/10.1016/j.simyco.2014.07.004
http://doi.org/10.1093/cid/ciy181
http://doi.org/10.1128/CMR.7.4.479
http://doi.org/10.3390/jof5010026
http://doi.org/10.1016/S0022-5347(17)51287-2
http://doi.org/10.1056/NEJMra1315399
http://www.ncbi.nlm.nih.gov/pubmed/26444731
http://doi.org/10.1111/j.1348-0421.2008.00083.x
http://doi.org/10.1128/AAC.02396-16
http://www.ncbi.nlm.nih.gov/pubmed/28223375
http://doi.org/10.1080/00313020120083197
http://www.ncbi.nlm.nih.gov/pubmed/11827415
http://doi.org/10.1016/S1473-3099(20)30678-2

	Introduction 
	Methods 
	Results 
	Viruses 
	DNA Viruses 
	Adenoviridae 
	Papillomaviridae 
	Herpesviridae 
	Poxviridae 

	RNA Viruses 
	Reoviridae 
	Picornaviridae 
	Caliciviridae 
	Flaviviridae 
	Orthomyxoviridae 
	Paramyxoviridae 
	Filoviridae 
	Coronaviridae 
	Astroviridae 
	Retroviridae 
	Hepadnaviridae 

	Bacteria 
	Gram-Positive Bacteria 
	Gram-Negative Bacteria 
	Other Bacteria 

	Fungi 
	Filamentous fungi 
	Candida spp. 
	Other Clinically Relevant Yeasts 


	Discussion 
	References

