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The biocidal activities of peracetic acid and ethanol were tested against nine clinical
fungal isolates and four reference strains. Ethanol was active (�4.0 log10 reduction)
against yeasts at a concentration of 50% v/v and against moulds at 80% v/v. Exposure times
in both cases were 1 min. Peracetic acid was active as a 0.25% solution against yeasts and
as a 0.5% solution against moulds; exposure times in both cases were 5 min. Compared
with the reference strains, clinical isolates, including multi-drug-resistant strains, showed
similar or higher sensitivity to the active ingredients of disinfectants in vitro.
ª 2019 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
Introduction

In Germany, approximately nine million patients suffer from
fungal infections annually [1]. In medical mycology, two major
trends have been identified during the past decade: the
development of fungal resistance against commonly used
antifungals (e.g. azole resistance in Aspergillus fumigatus and
echinocandin resistance in Candida glabrata [2,3]); and an
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increased number of infections with emerging fungal patho-
gens such as Mucorales and Scedosporium spp., especially in
immunosuppressed patients, which may be due to the
increased use of antifungal prophylaxis. These species nor-
mally cause invasive pulmonary or soft tissue infections. Most
commonly, the suspected mode of infection is through trans-
mission from environmental sources on airborne particles or
direct infection [4]. For these highly vulnerable patients, the
prevention of such infections is essential, and proper dis-
infection of patients’ surroundings may decrease abundance of
these pathogens. Yeasts and moulds such as Aspergillus spp. or
Candida spp. have demonstrated the ability to persist for up to
150 days on surfaces [5]. Candida auris, for example, was
Ltd. All rights reserved.
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shown to cause nosocomial infections in healthcare settings
[6]. The use of appropriate disinfectants with proven fungicidal
activity on hands, surfaces and instruments is essential to
prevent infections.

In Europe, the fungicidal activity of disinfectants is tested
against the reference organisms Candida albicans and Asper-
gillus brasiliensis. If a product is active against Candida albi-
cans, the product is classed as yeasticidal, meaning it is
sufficiently active against all yeasts. If the disinfectant is active
against both C. albicans and A. brasiliensis, it is labelled as
fungicidal, denoting activity against all medically relevant
fungi.

This study aimed to evaluate the continued suitability for
disinfectant testing of the aforementioned reference strains in
the current development of emerging drug-resistant yeasts and
moulds. Commonly used active ingredients in chemical dis-
infectants (e.g. ethanol, peracetic acid) were tested to
determine whether they exhibited sufficient activity against
clinically relevant fungal species. Culture collection strains
C. albicans ATCC 10231, C. tropicalis ATCC 13803,
A. brasiliensis ATCC 16404 and Aspergillus niger ATCC 6275
were used as reference strains and will be referred to as such
hereinafter. In addition, antifungal-resistant clinical isolates
were tested with the aforementioned active ingredients, using
antifungal-sensitive clinical isolates as control strains to com-
pare efficacy.
Table I

Chosen fungi for activity testing in a quantitative suspension test base

No. Strain Family

1 Candida albicans Yeast Reference stra
2 Candida tropicalis Yeast Reference stra
3 Candida glabrata

(echinocandin-susceptible)
Yeast Clinical isolate

4 Candida glabrata
(echinocandin-resistant)

Yeast Clinical isolate

5 Exophiala dermatitidis Yeast Clinical isolate

6 Exophiala dermatitidis Yeast Clinical isolate

7 Aspergillus brasiliensis Mould Reference stra
8 Aspergillus niger Mould Reference stra
9 Aspergillus fumigatus

(azole-susceptible)
Mould Clinical isolate

10 Aspergillus fumigatus
(azole-resistant)

Mould Clinical isolate

11 Cunninghamella bertholletiae Mould Clinical isolate

12 Scedosporium prolificans Mould Clinical isolate

13 Rasamsonia argillaceae Mould Clinical isolate

MEC, minimum effective concentration; MIC, minimum inhibitory concent
GmbH.
All isolates were obtained from the University Hospital Essen in Germany.
Methods

Test strains

Four reference strains from the German Collection of
Microorganisms and Cell Cultures GmbH (Braunschweig, Ger-
many) and nine yeasts and moulds from the clinical culture
collection of the University Hospital Essen in Germany were
included in this study (Table I).

Disinfectant solutions

A solution of peracetic acid was obtained from AppliChem
GmbH (Darmstadt, Germany) and diluted to working concen-
trations of 0.05%, 0.1%, 0.25% and 0.5% with water of stand-
ardized hardness (EN 13624). Ethanol was obtained from Carl
Roth GmbH & Co. KG, (Karlsruhe, Germany) and utilized at
concentrations of 0.05%, 0.1%, 0.25% and 0.5% diluted in aqu
bidest [v/v].

Suspension tests

The sensitivity of clinical isolates to the active ingredients
(peracetic acid and ethanol) contained in commonly used
disinfectants was tested under clean conditions (soiling 0.3
g/L bovine serum albumin) in a quantitative suspension assay
d on EN 13624:2013 with ethanol and peracetic acid

Origin Special resistance

in DSMZ: ATCC 10231 No
in DSMZ: ATCC 13803 No
, blood culture No

, blood culture Echinocandins: MEC 16 mg/L

, lung Caspofungin: MEC >32 mg/L
Micafungin: MEC 8 mg/L

, lung Caspofungin: MEC >32 mg/L
Micafungin: MEC 8 mg/L

in DSMZ: ATCC 16404 No
in DSMZ: ATCC 6275 No
, lung No

, lung Itraconazole: MIC >16 mg/L

, lung Voriconazole: MIC >32 mg/L
Amphotericin B: MIC >32 mg/L
Caspofungin: MEC >32 mg/L

, lung Voriconazole: MIC >32 mg/L
Amphotericin B: MIC >32 mg/L
Caspofungin: MEC >32 mg/L

, lung Isavuconazole: MIC >32 mg/L
Itraconazole: MIC >16 mg/L
Voriconazole: MIC >32 mg/L
Posaconazole: MIC 4 mg/L
Echinocandines: MEC 0.03e0.25 mg/L

ration; DSMZ, German Collection of Micro-organisms and Cell Cultures
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based on EN 13624:2013. The durations of exposure to etha-
nol were 1 and 5 min. For peracetic acid, exposure times
were 1, 5 and 15 min. The clinical isolates were prepared for
testing based on the procedures described in EN 12353 and EN
13624:2013. For ethanol, 30 g/L polysorbate 80, 30 g/L sap-
onin, 1 g/L histidine and 1 g/L cysteine in aqua dest were
included in the suspension assay to act as neutralizers. For
peracetic acid suspension tests, 30 g/L polysorbate 80, 30 g/L
saponin and 5 g/L sodium thiosulfate in aqua dest were used.
The neutralizers were validated for 80% and 50% ethanol and
0.5% peracetic acid with all tested organisms. After neu-
tralization for 5 min, serial dilutions were performed, and
aliquots of 1 mL were spread on malt extract agar plates and
incubated at 30�C�1�C for 24e72 h, according to organism-
specific growth characteristics. Colonies were counted after
incubation and the number of colony-forming units (cfus) was
calculated per millilitre and converted into a log10 value.
All experiments were performed in triplicate. To indicate
sufficient bactericidal activity, a log10 reduction �4.0 was
required.

Analyses

Fungal cfus were quantified prior to and after completion of
the suspension test to evaluate cell viability. Data analysis was
performed using Excel 2013 (Microsoft Corp., Redmond, WA,
USA). Graphical presentation was done using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA).
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Figure 1. Results of the quantitative suspension tests with ethanol and
axis steps indicate rising concentration of active agent (ethanol: 10%
0.25%, 0.50%). Exposure times are given for each concentration seri
Circles describe individual data points. Bars show arithmetic means.
Identification of clinical isolates

Identification of clinical isolates was performed using mor-
phological methods and sequencing of the internal transcribed
spacer region, as described previously [7].

Susceptibility testing

Clinical mould isolates were tested for susceptibility by
microdilution according to EUCAST Standard 9.3. Yeast sus-
ceptibility testing was performed according to EUCAST Stand-
ard 7.3.1.

Results

All yeasts and Exophiala dermatitidis could be inactivated
significantly by concentrations of 50% v/v ethanol with an
exposure time of 1 min (Figure 1). Yeasticidal activity against
both echinocandin-susceptible and -resistant C. glabrata was
observed at a lower concentration (37.5% v/v) and after a
shorter exposure time compared with those of the reference
strains C. albicans ATCC 10231, C. tropicalis ATCC 13803 and all
other isolates (1 min vs 5 min; Figure 1).

All yeasts were inactivated by 0.05% peracetic acid in 5 min.
Echinocandin-resistant C. glabrata and E. dermatitidis speci-
men No. 6 could be inactivated by 0.25% peracetic acid in 1 min,
whereas echinocandin-susceptible C. glabrata was only inac-
tivated when exposed to peracetic acid at a concentration of
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Figure 2. Results of the quantitative suspension tests with ethanol and peracetic acid for all moulds. Ascending lines and corresponding
x-axis steps indicate rising concentration of active agent (ethanol: 25% v/v, 50% v/v and 80% v/v; peracetic acid: 0.05%, 0.10%, 0.25%,
0.50%). Exposure times are given for each concentration series. (A) Ethanol against moulds. (B) Peracetic acid against moulds. Circles
describe individual data points. Bars show arithmetic means.
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0.5% for 1 min. This response was similar to those of the ref-
erence strains C. albicans ATCC 10231 and C. tropicalis ATCC
13803 (Figure 1). After 15 min of exposure, 0.05% peracetic
acid was active against the aforementioned E. dermatitidis
specimen No. 6.

All tested moulds were inactivated with 80% v/v ethanol in 1
min (Figure 2). All clinical isolates were inactivated by 50% v/v
ethanol, whereas reference strains A. niger ATCC 6275 and
A. brasiliensis ATCC 16404 were inactivated by 80% v/v ethanol
in 1 min. The tested Cunninghamella bertholletiae isolate was
even reduced by 4 log10 using 25% v/v ethanol. There was no
observed difference in efficacy between azole-resistant and
azole-susceptible A. fumigatus when treated with ethanol.
Both strains of A. fumigatus were inactivated with 50% v/v
ethanol in 5 min by >4 log10. For Scedosporium prolificans,
Rasamsonia argillacea and C. bertholletiae, similar results
were observed: all three isolates were inactivated with 50% v/v
ethanol in 1 min.

All mould isolates were inactivated with 0.5% peracetic acid
in 1 min. The reference strains A. brasiliensis ATCC 16404 and
A. niger ATCC 6275 were inactivated with 0.5% peracetic acid in
5 min. Peracetic acid was even effective at 0.05% in 5 min.
R. argillacea was inactivated with 0.25% solution in 15 min, but
was also reduced below the detection limit with 0.5% solution
in 1 min. Azole-susceptible A. fumigatus and S. prolificans
were inactivated with 0.10% peracetic acid in 1 min, whereas
azole-resistant A. fumigatus was only inactivated at a con-
centration �0.25% in 1 min. C. bertholletiae was effectively
inactivated in growth by 0.05% peracetic acid in 1 min.
Discussion

Ethanol and peracetic acid showed similar effects on all
clinical yeasts and moulds compared with the reference
strains. In most cases, clinical isolates required lower con-
centrations and/or shorter exposure times for significant
reduction of fungal colony count.

E. dermatitidis specimen No. 6 constitutes an exception to
this trend, requiring at least 50% v/v ethanol for effective
reduction. This black yeast-like thermophilic fungus is an
opportunistic pathogen and can cause chromoblastomycosis,
phaeohyphomycosis and invasive infection. Probably originat-
ing from tropical climate zones, E. dermatitidis can be found in
dishwashers and sauna facilities as an environmental con-
taminant in Europe [8]. As E. dermatitidis has been shown to
form biofilms [9], it may be more difficult to reach clinically
effective concentrations of disinfectant on contaminated sur-
faces. Certain characteristics of biofilm may also confer extra
robustness against the tested chemicals.

In contrast, echinocandin-resistant C. glabrata and azole-
resistant A. fumigatus were inactivated by lower concen-
trations and shorter exposures to the tested active ingredients
compared with those displayed by the reference strains, and
expressed no relevant difference compared with the
antifungal-susceptible strains. These strains were inactivated
by both tested chemicals in 1 min, which is an exposure time
often used in practice.

It should also be noted that the rare emerging fungi
S. prolificans and R. argillaceae were inactivated by a lower
concentration (50% v/v) of ethanol than the reference strains
(80% v/v). For peracetic acid, S. prolificans showed similar
data, but R. argillaceae was inactivated at the same concen-
tration (0.25%) but after a shorter exposure time than that
required for the reference strains (5 min vs 15 min).

The results of this study are somewhat limited by the design
of the quantitative suspension test. EN 13624:2013 is the basis
for testing all hand, surface and instrument disinfectants in
Europe. However, yeasts and moulds in suspension tests are
more susceptible to chemical disinfectants than those
attached to surfaces [10]. A method developed to address this
issue is EN 16615, also known as the ‘Four Fields Test’, which is
designed to rate the efficacy of surface disinfection
procedures. Testing of this alternative procedure could form
the basis of a further study.

In the clinical setting, commercially available hand dis-
infectants often contain higher ethanol concentrations than
50%. In this study, all yeasts and moulds, with the exception of
A. brasiliensis ATCC 16404 and A. niger ATCC 6275, were
inactivated by 50% ethanol. This confirms that no increased
tolerance has been developed by these clinical fungal isolates
against ethanol-based disinfectants. Peracetic acid is used in
different concentrations, but products used in a clinical setting
are usually based on concentrations �0.5% in combination with
other agents. It is mostly used for disinfection of medical
instruments due to its reduced corrosive effect on metallic
surfaces compared with other disinfectants [11].

To date, few data exist on the efficacy of peracetic acid and
ethanol against C. auris. Peracetic acid was found to be
effective at 2000 ppm (0.2%) [12], which is comparable with
the present results for the tested Candida spp. Only one study
has shown that 29.4% ethanol applied for 30 s was ineffective
against C. auris in the American Society for Testing and Mate-
rials Standard Quantitative Carrier Disk Test Method (ASTM E-
2197-02) [13]. Reproduction of these results and larger studies
with C. auris should be performed to confirm the data gathered
on peracetic acid and ethanol-based disinfectants.

Based on the in-vitro data from this study, it is concluded
that currently used active agents have fungicidal activity
against all tested clinical isolates of yeasts and moulds. In
particular, emerging pathogenic fungi S. prolificans and
R. argillaceae, and antifungal-resistant strains of C. glabrata
and A. fumigatus appear to be highly sensitive, as ethanol and
peracetic acid show sufficient activity even at lower concen-
trations compared with those required to inactivate the ref-
erence strains effectively. No relevant differences in
sensitivity to the tested chemicals were found between the
antifungal-susceptible and -resistant isolates.

As emerging antifungal resistance is a major problem in the
clinical setting [2,14,15], the proper usage of chemical dis-
infectants with proven fungicidal activity will aid significantly
in preventing transmission of these pathogens.
Acknowledgements

The authors wish to thank the Deutsche Gesellschaft für
Krankenhaushygiene for Research Grant VR 344413. The
authors also thank David Killengray for proofreading.

Conflict of interest statement
None declared.



R. Stauf et al. / Journal of Hospital Infection 103 (2019) 468e473 473
Funding sources
This work was kindly funded by the Deutsche Gesellschaft
für Krankenhaushygiene (Research Grant VR344413). The
funding organization had no impact on the design of this
study.
References

[1] Ruhnke M, Groll AH, Mayser P, Ullmann AJ, Mendling W, Hof H,
et al. Estimated burden of fungal infections in Germany. Mycoses
2015;58(Suppl. 5):22e8.

[2] Steinmann J, Hamprecht A, Vehreschild MJ, Cornely OA,
Buchheidt D, Spiess B, et al. Emergence of azole-resistant inva-
sive aspergillosis in HSCT recipients in Germany. J Antimicrob
Chemother 2015;70:1522e6.

[3] Klotz U, Schmidt D, Willinger B, Steinmann E, Buer J, Rath PM,
et al. Echinocandin resistance and population structure of inva-
sive Candida glabrata isolates from two university hospitals in
Germany and Austria. Mycoses 2016;59:312e8.

[4] Ramirez-Garcia A, Pellon A, Rementeria A, Buldain I, Barreto-
Bergter E, Rollin-Pinheiro R, et al. Scedosporium and Lomento-
spora: an updated overview of underrated opportunists. Med
Mycol 2018;56(Suppl. 1):102e25.

[5] Kramer A, Schwebke I, Kampf G. How long do nosocomial
pathogens persist on inanimate surfaces? A systematic review.
BMC Infect Dis 2006;6:130.

[6] Eyre DW, Sheppard AE, Madder H, Moir I, Moroney R, Quan TP,
et al. A Candida auris outbreak and its control in an intensive care
setting. N Engl J Med 2018;379:1322e31.
[7] Pryce TM, Palladino S, Kay ID, Coombs GW. Rapid identification of
fungi by sequencing the ITS1 and ITS2 regions using an automated
capillary electrophoresis system. Med Mycol 2003;41:369e81.

[8] Zalar P, Novak M, de Hoog GS, Gunde-Cimerman N. Dishwashers e
a man-made ecological niche accommodating human opportun-
istic fungal pathogens. Fungal Biol 2011;115:997e1007.

[9] Kirchhoff L, Olsowski M, Zilmans K, Dittmer S, Haase G,
Sedlacek L, et al. Biofilm formation of the black yeast-like fungus
Exophiala dermatitidis and its susceptibility to antiinfective
agents. Sci Rep 2017;7:42886.

[10] Moore G, Schelenz S, Borman AM, Johnson EM, Brown CS. Yeast-
icidal activity of chemical disinfectants and antiseptics against
Candida auris. J Hosp Infect 2017;97:371e5.

[11] Ceretta R, Paula MM, Angioletto E, Méier MM, Mitellstädt FG,
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