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1  |  INTRODUC TION

In humans, the generation of body malodour is attributed to micro-
bial activity on the skin. Various sites of the body harbor diverse 
glands secreting a wide variety of odorless compounds. This setting 
represents an attractive environment for a unique composition of 
microorganisms that transform odorless secretions into malodorous 
substances (Shelley et al., 1953).

The human body bears three types of sweat glands: The ec-
crine sweat glands are responsible for thermoregulation and mainly 

secrete a diluted salt solution and organic compounds such as lactic 
acid, vitamins, glucose, urea, and amino acids (Huang et al., 2002). 
The sebaceous glands release lipids and esterified fatty acids, lu-
bricating and waterproofing skin and hair. Finally, apocrine glands 
found in the human axillae, areolae, genitalia, and ear canal, but 
not on feet, produce lipid-  and protein- rich secretions and odorless 
steroids (Leyden et al., 1981). These secretions, as well as degrada-
tion products of skin- derived keratin (e.g. from callus; Holland et al., 
1990), represent a source of nutrients and water for microbial prop-
agation and serve as a substrate for the production of malodorous 
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Abstract
Human body malodour is a complex phenomenon. Several types of sweat glands 
produce	odorless	 secretions	 that	are	metabolized	by	a	consortium	of	 skin-	resident	
microorganisms to a diverse set of malodorous substances. Isovaleric acid, a sweaty- 
smelling compound, is one major malodorous component produced by staphylococci 
with the skin- derived amino acid L- leucine as a substrate. During wearing, fabrics are 
contaminated with sweat and microorganisms and high humidity propagates growth 
and microbial malodour production. Incomplete removal of sweat residues and micro-
organisms from fabrics during laundry with bleach- free detergents and at low tem-
peratures	elevate	the	problem	of	textile	malodour.	This	study	aimed	to	analyze	the	
inhibitory	effect	of	 the	antimicrobial	4,4ʹ	dichloro	2-	hydroxydiphenyl	ether	 (DCPP)	
on	the	formation	of	isovaleric	acid	on	fabrics.	Therefore,	GC-	FID-		and	GC–	MS-	based	
methods for the analysis of isovaleric acid in an artificial human sweat- mimicking 
medium and in textile extracts were established. Here, we show that antimicrobials 
capable	to	deposit	on	fabrics	during	laundry,	such	as	DCPP,	are	effective	in	growth	
inhibition of typical malodour- generating bacteria and prevent the staphylococcal for-
mation of isovaleric acid on fabrics in a simple experimental setup. This can contribute 
to increased hygiene for mild laundry care approaches, where bacterial contamination 
and malodour production represent a considerable consumer problem.
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compounds. Key species in body malodour are represented by 
the genera Staphylococcus, Corynebacterium, Propionibacterium, 
Micrococcus, and Brevibacterium (Costello et al., 2009; Leyden et al., 
1981; Marshall et al., 1988; Minhas et al., 2018; Shehadeh & Kligman, 
1963; Taylor et al., 2003).

The odorous substances comprise thioalcohols (sulfanylalkanols), 
mainly produced by corynebacteria and to a lesser extent staphylo-
cocci	(Bawdon	et	al.,	2015;	James,	Austin	et	al.,	2013;	Natsch	et	al.,	
2004), with 3- methyl- 2- sulfanylhexan- 1- ol (3M3SH) as the most 
prominent	substance	(Hasegawa	et	al.,	2004;	Troccaz	et	al.,	2004).	
Furthermore, 16- androstene steroids, such as 5α- androst- 16- en- 
3- on and 5α- androst- 16- en- 3α- ol, mainly biotransformed by cory-
nebacteria,	contribute	to	malodour,	however	to	a	low	extent	(Austin	
&	Ellis,	2003;	Gower	et	al.,	1994).

Finally, carboxylic acids were identified as important substances 
in	body	malodour.	Medium-	chain	(C6–	C10)	carboxylic	acids	comprise,	
for	example	3-	methyl-	2-	hexenoic	acid	(3M2H)	(Natsch	et	al.,	2006;	
Zeng	 et	 al.,	 1991)	 or	 3-	hydroxy-	3-	methyl-	hexanoic	 acid	 (HMHA)	
(Natsch	et	al.,	2003)	and	are	mainly	attributed	 to	Corynebacterium 
species	(James,	Austin	et	al.,	2013;	Leyden	et	al.,	1981).	Short-	chain	
(C2–	C5)	carboxylic	acids,	also	termed	volatile	fatty	acids	(VFA),	such	
as isovaleric acid, butyric acid, isobutyric acid, indole, 3- methylindole 
are	predominantly	produced	by	staphylococci	(James,	Austin,	et	al.,	
2013; James, Casey et al., 2004; James, Hyliands et al., 2004; Leyden 
et	al.,	1981).	The	VFA	isovaleric	acid	 (IVA)	was	 identified	as	one	of	
the key components in body malodour exhibiting a distinct cheesy, 
acidic smell (Caroprese et al., 2009; James, Casey, et al., 2004; James, 
Hyliands, et al., 2004; Kanda et al., 1990; Leyden et al., 1981). In sev-
eral comprehensive studies, James et al. have demonstrated how 
IVA	is	microbially	produced	on	human	skin:	Amino	acids	originating	
either from sweat secretions or from microbial keratin degradation 
are	used	as	a	substrate	for	IVA	formation.	Keratin	degradation	is	ac-
complished by microorganisms, including Staphylococcus epidermidis, 
propionibacteria (Holland, 1993), or Kytococcus sedentarius (Holland 
et	al.,	1990,	1992;	Longshaw	et	al.,	2002;	Nordstrom	et	al.,	1987).	
The latter was shown to degrade keratin- containing callus by sev-
eral keratinases into peptides and free amino acids, for example, 
L-	leucine.	Numerous	staphylococci	isolated	from	human	axillae	and	
feet	metabolized	 L-	leucine	 in	 a	 semisynthetic	medium	 that	mimics	
human	sweat,	to	2-	oxoisocaprioic	acid,	 isovaleryl-	CoA	and	eventu-
ally	IVA.	Besides	L-	leucine,	also	L-	isoleucine	and	L-	valine	are	microbi-
ally	degraded	to	malodorous	VFA,	namely,	2-	methylbutyric	acid	and	
isobutyric acid, respectively, but to a much lesser extent. (James, Cox 
et al., 2013; James, Hyliands, et al., 2004).

Besides body malodour that is present on the skin itself, se-
cretions and skin- degradation products, skin- borne bacteria, and 
malodorous substances are also transferred to clothes while wear-
ing.	 Propagated	 by	 high	 humidity,	 microbial	 malodour	 production	
then occurs on the fabrics during wearing but also afterwards in 
the laundry basket. The use of mild, bleach- free detergents and 
low- temperature washing prevents the efficient removal of body 
soils, bacteria, and malodorous substances. Over several wearing/
washing cycles, this promotes microbial propagation and malodour 

production on fabrics and in the washing machine (Hammer et al., 
2011;	Van	Herreweghen	et	al.,	2020;	Riley	et	al.,	2017).	As	one	of	
the possible ways to overcome such problems, the use of antimicro-
bial substances formulated in the liquid laundry detergent has been 
proposed	 (Hazenkamp	 &	 Ochs,	 2011;	 Ochs	 et	 al.,	 1999).	 4,4ʹ	 di-
chloro	2-	hydroxydiphenyl	ether	(DCPP)	is	such	an	antibacterial	com-
pound	(Figure	1).	DCPP,	available	as	Tinosan®	HP	100	(30%	DCPP	
in 1,2- propylene glycol), represents a non- ionic substance that is 
compatible with liquid and powder detergents and exhibits broad- 
spectrum	antibacterial	properties	(Ochs	et	al.,	1999).	Applied	during	
laundry,	DCPP	prevents	microbial	growth	on	washed	textiles	(Ochs	
et	al.,	1999).	Whether—	besides	its	antimicrobial	activity—	DCPP	also	
affects microbial malodour formation on textiles is so far unknown.

The aim of this study was therefore to investigate the potential 
inhibitory	effect	of	the	antimicrobial	DCPP	on	the	microbial	forma-
tion	of	 IVA	as	a	model	malodorous	substance	 in	a	 relatively	simple	
experimental	setup.	A	medium	adapted	from	James	et	al.	(James,	Cox,	
et al., 2013; James, Hyliands, et al., 2004) was incubated with the 
bacterium Staphylococcus aureus under various in vitro setups includ-
ing shake flask cultivation and cultivation on cotton fabrics that were 
washed	with	a	DCPP-	containing	detergent.	Physiological	parameters	
such as growth, extracellular pH, and eventually production of mal-
odorous	IVA	were	followed.	A	GC-	FID	and	GC–	MS	method	was	es-
tablished	to	analyze	IVA	amounts	produced	by	S. aureus on fabrics.

2  |  MATERIAL S AND METHODS

2.1  |  Strains and growth conditions

Strains used in this study are listed in Table 1. For growth studies, 
cells were grown in media adapted from James et al. (James, Cox, 
et al., 2013; James, Hyliands, et al., 2004). Cells were cultivated 
on tryptic soy agar supplemented with Tween®	 80	 (TSAT;	 30	 g/L	
tryptone soy broth (Merck), 10 g/L yeast extract (Oxoid), 10 g/L 
Tween® 80 (Merck), 20 g/L agar (VWR)) at 35°C for 24 h. Cells 
were then pre- cultivated in 15 ml (Corynebacterium xerosis) or 30 ml 
(Staphylococcus aureus) tryptic soy broth supplemented with Tween® 
80 (TSBT; 30 g/L tryptone soy broth (Merck), 10 g/L yeast extract 
(Oxoid), 10 g/L Tween® 80 (Merck)) at 125 rpm, 35°C for 16 h in 
100 ml (C. xerosis) or 200 ml (S. aureus)	Erlenmeyer	shake	flasks.	Cells	
were harvested by centrifugation (15 min, 10,000 g), and the cell pel-
let was washed in semisynthetic medium (SSM; 0.5 g/L yeast extract 

F I G U R E  1 Structure	of	4,4ʹ	dichloro	2-	hydroxydiphenyl	ether	
(DCPP)
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(Oxoid), 3.35 g/L yeast nitrogen base (Oxoid), 0.2 g/L Tween® 80 
(Merck),	20	ml/L	RPMI	1640	amino	acids	 solution	 (Sigma-	Aldrich),	
0.1	 g/L	 L-	leucine	 (AppliChem),	 1.6	 g/L	 KH2PO4 (Merck), 1 g/L 
NaHCO3	(Merck),	0.38	g/L	Na2SO4	(Merck),	0.1	g/L	KNO3 (Merck), 
1	g/L	sodium	pyruvate	(AppliChem),	0.5	g/L	MgCl2x6H2O (Merck), 
5	g/L	(NH4)2HPO4	(Acros	Organics),	5	g/L	glucose	(Bernd	Kraft),	pH	
6.0; adapted from (James, Cox, & Worrall, 2013; James, Hyliands, 
et al., 2004)) and centrifuged again as described above.

For in vitro growth studies in shake flasks, the cell pellet was re-
suspended	in	SSM	and	absorption	at	595	nm	(A595) was determined 
in	 a	photometer.	Main	 cultures	were	 inoculated	 to	A595 = 0.1 and 
grown in 15 ml SSM optionally supplemented with 67 mg/L Tinosan® 
HP	100	(BASF,	corresponding	to	20.1	mg/L	DCPP,	CAS	no.:	3380-	
30-	1,	 EC-	No.	 429-	290-	0,	 255	 g/mol)	 in	 100	ml	 Erlenmeyer	 shake	
flasks	and	were	incubated	at	35°C	and	150	rpm	for	up	to	48	h.	After	
0	h,	6	h,	24	h,	and	48	h,	aliquots	were	taken	for	A595 and pH measure-
ments. For C. xerosis, aliquots were additionally taken after 3 h. pH 
of the cultures was determined using pH test strips (MColorpHast™, 
Merck). For S. aureus,	after	48	h	samples	were	taken	for	IVA	analysis.

For growth studies on textiles, a procedure adapted from the US 
standard	AATCC	100–	2012	test	method	(assessment	of	antibacte-
rial	 finishes	on	textile	materials	 (AATCC,	2012))	was	conducted.	S. 
aureus cells were pre- cultivated as described above, except that the 
pre-	cultivation	was	performed	in	10	ml	TSBT	in	100	ml	Erlenmeyer	
shake flasks.

Disks (Ø 4 cm) were punched out from treated cotton textiles 
and inoculated with 125 µl cell suspension (in SSM, as described 
above)	per	textile	swatch.	Cultivation	was	performed	in	sterile	Petri	
dishes	(Ø	5.5	cm)	at	35°C	under	humid	conditions	(>90%	humidity)	
for up to 24 h. Immediately after inoculation of the fabrics and after 
24 h of incubation, cells were resuspended from the fabrics in sterile 
Stomacher® bags 80 (Seward Ltd.) containing 10 ml buffer (1.7 g/L 
KH2PO4,	9.6	g/L	Na2HPO4xH2O, 10 g/L Tween® 80, 3 g/L lecithin, 
pH 7.4) and were agitated in Seward Stomacher® 80 (Seward Ltd.) 
for 1 min at normal speed. Dilutions were prepared in sterile de-
ionized	water,	and	colony-	forming	units	per	ml	(cfu/ml)	were	deter-
mined	on	TSAT	via	 the	pour	plate	method	after	 incubation	of	 the	
plates at 35°C for 24 h. Cfu data presented as log10 values.

2.2  |  Treatment of cotton textiles

Standard	 white	 cotton	 fabrics	 (Renforcé-	1–	3005,	 Spoerri	 &	 Co.	
AG,	 130	 g/m2) were used. To remove any production- related 

contamination from the fabrics, they were rinsed in 90°C hot 
tap water for 20 min (10 g fabric/75 ml water) under agitation in 
a LiniTest®	machine	 (Atlas),	 then	 rinsed	by	hand	 in	cold	 tap	water	
for	 15	 s,	 dried	 and	 sterilized	by	 autoclavation.	 10	 g	 of	 pre-	rinsed,	
sterile cotton textile was then laundered with 50 g of washing solu-
tion	(0.487%	standard	European	liquid	laundry	detergent	bought	in	
a	German	supermarket,	optionally	supplemented	with	0.3%	or	0.6%	
Tinosan®	 HP	 100	 (corresponding	 to	 0.09%	 or	 0.18%	 DCPP),	 dis-
solved in tap water (water hardness: 1.75 mM calcium/magnesium 
ions = 9.8°dH) at room temperature (RT) in a LiniTest® machine for 
45 min. Rinsing of the textiles was performed with 3 x 1 L of ster-
ile tap water at RT for 2 min. Textiles were wrung out and dried. 
Treatment was conducted with sterile equipment under low- germ 
conditions.

2.3  |  Analysis of isovaleric acid

A	 gas	 chromatography	 (GC)	 method	 for	 the	 quantification	 of	 IVA	
was adapted from James, Cox et al. (2013). For the analysis of shake 
flask cultivation, cultures were harvested by centrifugation after dis-
tinct incubation periods, the supernatant was sterile- filtered (pore 
size:	 0.2	 µm)	 and	 stored	 at	 −20°C	 until	 use.	 After	 thawing,	 sam-
ples	 were	 analyzed	 through	 GC	 using	 a	 flame	 ionization	 detector	
(GC-	FID).	 GC-	FID	was	 performed	 using	 a	 7890	 gas	 chromatograph	
equipped	with	a	split/splitless	injector	and	FID	(Agilent	Technologies).	
Chromatographic	 separation	 was	 achieved	 using	 an	 AT-	1000	 col-
umn	 (100%	 polyethylene	 glycol	 modified	 with	 nitroterephthalate;	
30 m × 320 µm × 0.25 µm; Thermo Fisher Scientific) with a tempera-
ture program of 80°C for 2.5 min; 15 K/min to 155°C for 10 min. 1 µl 
of the sample was injected at 240°C using a split ratio of 20:1.

For	the	analysis	of	textiles,	samples	were	stored	at	−20°C	after	
specific incubation periods  and before extraction. The samples 
were supplemented with 0.5 ml 2 M HCl/textile swatch, 0.125 ml 
internal standard (0.012 mg/ml hexanoic acid in ethyl acetate), and 
1.125 ml ethyl acetate. Samples were gently agitated on a shaker 
for	 2	 h;	 reaction	 tubes	 were	 rotated	 by	 90°	 every	 30	min.	 After	
phase	separation,	the	upper	organic	phase	(containing	IVA	and	the	
internal	standard)	was	removed	and	analyzed	by	the	means	of	gas	
chromatography-	mass	spectrometry	(GC–	MS),	since	some	residues	
from the laundry detergent on the fabrics interfered with the detec-
tion	of	IVA	via	FID.	GC–	MS	was	performed	using	a	7890	gas	chro-
matograph	(Agilent	Technologies)	coupled	to	a	5977A	mass	selective	
detector	 (MSD;	 Agilent	 Technologies)	 using	 the	MassHunter	 soft-
ware	 (Agilent	 Technologies)	 for	 instrument	 control	 and	 data	 anal-
ysis.	 Chromatographic	 separation	was	 achieved	 using	 an	 AT-	1000	
column	 (100%	 polyethylene	 glycol	 modified	 with	 nitroterephthal-
ate; 30 m × 320 µm × 0.25 µm; Thermo Fisher Scientific), with a 
temperature program of 80°C for 2.5 min; 15 K/min to 155°C; and 
155°C for 30 min. 1 µl of the sample was injected at 250°C using a 
split ratio of 20:1. The MSD was operated in selected ion- monitoring 
mode	acquiring	m/z	60,	87,	and	43	for	IVA	and	m/z 60, 73, and 87 for 
hexanoic	acid	(internal	standard).	Successful	extraction	of	IVA	from	

TA B L E  1 Bacterial	strains	used	in	this	study

Strain References

Staphylococcus aureus	ATCC	
6538

American	Type	Culture	
Collection	(ATCC)

Corynebacterium xerosis DSM 
20170

Leibniz	Institute	DSMZ—	German	
Collection of Microorganisms 
and Cell Cultures
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textiles was confirmed by analysis of a water- treated textile that was 
abiotically	incubated	with	IVA.

Recovery	rates	for	IVA	were	≥90%.

2.4  |  Statistical analysis

Data are presented as arithmetic mean values and standard devia-
tions of 3 independent biological replicates, if not stated differently. 
Statistical analyses were carried out as a one- way analysis of vari-
ance	 (ANOVA).	 If	 significant	differences	were	 found,	ANOVA	was	
followed by Tukey's honestly significant difference (HSD) test, re-
sults presented as p values (p).	 Analyses	 were	 performed	 assum-
ing independent data and standard weighted means. For statistical 
analysis of cfu data, Student's t- test was performed for paired values 
with equal variances. The significance level α = 0.05 was chosen.

3  |  RESULTS

3.1  |  DCPP inhibits the formation of the VFA 
isovaleric acid by S. aureus in a semisynthetic medium

In the body malodour formation, staphylococci represent key micro-
organisms	for	the	production	of	IVA	in	human	sweat.	In	a	semisyn-
thetic medium that functionally mimics human sweat, SSM (adapted 
from James, Cox et al. (2013)), the growth of S. aureus was followed 
in shake flasks as a sweat model system for up to 48 h in the pres-
ence	or	absence	of	the	antimicrobial	DCPP.

A	relatively	high	concentration	of	20.1	mg/L	DCPP	was	chosen	
to demonstrate the general principles of the processes involved. 
20.1	mg/L	DCPP	strongly	impaired	the	growth	of	S. aureus, reaching 
20	times	lower	maximum	cell	densities	than	without	DCPP	(A595 of 
around 0.275 and 5.3, respectively; Figure 2a). This highlights the 
bacteriostatic mode of action of the substance that does not enable 

the killing of the bacteria but rather inhibits microbial growth. The 
pH	of	the	sample	w/o	DCPP	dropped	from		6	to	approx.			4	and	sub-
sequently mildly increased again. In contrast, the sample containing 
DCPP	revealed	only	a	minor	pH	drop.	Furthermore,	 the	 impact	of	
IVA	on	the	growth	of	S. aureus was followed. Cell densities and pH 
profiles	were	almost	 identical	to	the	sample	w/o	IVA,	proving	that	
the potential production of the substance did not affect the growth 
of the bacterium.

After	48	h	cultivation,	samples	were	analyzed	regarding	their	IVA	
contents	 (Figure	 2b).	 Therefore,	 a	 GC-	FID-	based	 analysis	 method	
was	established.	In	the	absence	of	DCPP,	S. aureus produced 34 µg/
ml	±6.2	µg/ml	IVA.	In	contrast,	with	DCPP	only	1.7	µg/ml	±0.2	µg/
ml	 IVA	 were	 formed,	 and	 bacterial	 growth	 was	 significantly	 im-
paired.	After	24	h	of	cultivation,	IVA	concentrations	were	in	a	similar	
range	as	after	48	h	(24	h:	102.1%	±1.1%	and	86.0%	±0.9%	of	the	cor-
responding	48	h-	amounts	with	or	w/o	DCPP,	 respectively;	pooled	
data from two biological replicates with 2 technical replicates for 
IVA	analysis	each;	not	shown	in	the	figure).	IVA	was	not	abiotically	
produced	(IVA	content	below	the	detection	limit),	proving	that	the	
entire amount of the malodorous substance resulted from the meta-
bolic activity of S. aureus.	These	data	emphasize	our	assumption	that	
DCPP	as	an	antimicrobial	substance	is	capable	of	inhibiting	growth	
and	IVA	production	of	a	malodour-	associated	bacterium	in	an	artifi-
cial sweat model.

The growth of C. xerosis in SSM supplemented with 20.1 mg/L 
DCPP	was	 impaired	as	well	 (Figure	3),	however,	 to	a	 lesser	extent	
than that observed for S. aureus. Maximum cell densities of the 
DCPP-	containing	sample	were	approx.	A595 = 0.9 after 120 h culti-
vation,	in	contrast	to	the	sample	w/o	DCPP,	where	C. xerosis reached 
A595 of 4.1. Unlike S. aureus, the pH profile did not vary tremendously 
during	cultivation	and	was	not	affected	by	DCPP.	These	data	high-
light that, besides its inhibiting effects on staphylococcal growth and 
IVA	 formation,	 DCPP	 also	 bears	 the	 antimicrobial	 activity	 against	
corynebacteria, the second important class of malodour- producing 
bacteria.

F I G U R E  2 Characterization	of	growth	
and	extracellular	IVA	concentrations	
of Staphylococcus aureus in SSM 
supplemented with or w/o 20.1 mg/L 
DCPP	or	25	µg/ml	IVA.	(a)	Upper	panel:	
cell	density	displayed	as	A595 values, lower 
panel: extracellular pH. (b) Corresponding 
extracellular	IVA	concentrations	after	
48 h cultivation of S. aureus; dotted line: 
detection	limit	=	1	µg/ml	IVA.	Statistical	
analysis revealed p < 0.01 (**) for the 
sample	w/o	DCPP	versus	the	sample	
with	20.1	mg/L	DCPP	and	the	abiotic	
sample	w/o	DCPP.	Bacteria	were	grown	
aerobically at 35°C and 150 rpm. Three 
replicates each.

(a) (b)
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3.2  |  Inhibition of isovaleric acid formation in S. 
aureus on DCPP- treated textiles

In addition to the shake flask model, a different test system based 
on	fabrics	was	established	to	investigate	the	effect	of	DCPP	on	IVA	
production	in	a	laundry	setting.	0.09%	or	0.18%	DCPP	was	added	to	
a commercially available liquid laundry detergent (LLD). Cotton fab-
rics that were washed with the test detergent were inoculated with 
S. aureus in SSM as described above. Cotton represents a suitable 

material for our studies as Staphylococcus species tend to grow 
better on cotton than on polyester (Callewaert, de Maeseneire, 
et al., 2014). Moreover, Munk et al. demonstrated that odor gen-
erated on cotton during wet storage was significantly greater than 
on polyester (Munk et al., 2001). This may be due to greater water 
absorbency of the hydrophilic and porous cellulosic cotton fibers. 
A	stronger	odor	that	is	sometimes	encountered	for	polyester	fibers	
might be caused by organic odorous substances that tend to stick 
stronger to polyester than to cotton and thus are more difficult to 
remove in washing. (Munk et al., 2001). This phenomenon might be 
of importance for the field of malodour in clothes but is not in the 
scope of this study. The growth of the bacterium on the textiles was 
determined directly after inoculation and after 24 h of incubation 
(Figure 4a). For the fabrics treated with either water or LLD w/o 
DCPP,	significant	growth	of	S. aureus could be observed over 24 h 
of incubation (from 5.4 log10 cfu/ml immediately after inoculation to 
8.2 log10 cfu/ml after 24 h), demonstrating that potential detergent 
residues present on the fabrics did not exhibit antimicrobial activ-
ity under the test conditions applied. In contrast, on fabrics treated 
with	LLD	containing	DCPP,	no	 significant	growth	occurred	during	
24 h incubation.

Extraction	and	GC-	MS	analysis	of	IVA	that	was	produced	on	the	
fabrics during staphylococcal growth revealed significant microbial 
IVA	production	on	water-	treated	and	LLD	w/o	DCPP-	treated	textiles	
(18.3 ± 2.9 µg/ml) during 24 h (Figure 4b).

IVA	could	not	be	detected	on	textiles	treated	with	LLD	contain-
ing	 DCPP,	 which	 is	 consistent	 with	 the	 finding	 that	 these	 fabrics	
revealed strong growth inhibition of S. aureus. This outlines the an-
timicrobial	effect	of	DCPP	deposited	on	the	fabrics	during	laundry	
that impairs S. aureus’ growth and simultaneously prevents the mi-
crobial	 formation	 of	malodorous	 IVA	 in	 a	 sweat	model	 system	on	
fabrics.

F I G U R E  3 Characterization	of	Corynebacterium xerosis growth 
in	SSM	supplemented	with	or	w/o	20.1	mg/L	DCPP.	Upper	panel:	
cell density displayed as A595 values, lower panel: extracellular 
pH. Bacteria were grown aerobically at 35°C and 150 rpm. Three 
replicates	each;	for	sample	w/o	DCPP	at	48	h	(A595), only 2 out of 3 
replicates were evaluated.

F I G U R E  4 Characterization	of	growth	and	extracellular	IVA	concentrations	of	S. aureus in SSM on cotton fabrics treated with water 
(H2O),	a	standard	LLD	supplemented	with	or	w/o	0.09%	or	0.18%	DCPP.	(a)	Cell	density	displayed	as	log10 cfu/ml values, determined directly 
after inoculation (0 h) or after 24 h incubation (24 h). Statistical analysis revealed p < 0.01 (**) for the H2O- treated sample and the LLD- 
treated	sample	w/o	DCPP	(0	h	vs.	24	h).	Samples	containing	DCPP	revealed	p	>	0.05.	(b)	Corresponding	extracellular	IVA	concentrations	
after 24 h incubation of the fabrics with S. aureus;	dotted	line:	detection	limit	=	1	µg/ml	IVA.	Textile	samples	incubated	for	24	h,	except	
for sample H2O	0	h,	representing	the	reference	IVA	level	at	test	start.	Statistical	analysis	revealed	p < 0.01 (**) for H2O- treated sample 
incubated	for	24	h	versus	the	same	sample	tested	immediately	after	inoculation	(0	h),	as	well	as	versus	samples	treated	with	LLD	+0.09%	or	
0.18%	DCPP.	The	sample	treated	with	LLD	w/o	DCPP	revealed	p > 0.05 (nonsignificant, ns). Bacteria were grown aerobically under humid 
conditions at 35°C. Three replicates each.

(a) (b)
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4  |  DISCUSSION

Body malodour is a complex phenomenon comprising several types 
of sweat glands producing various odorless body secretions that are 
being	metabolized	by	a	consortium	of	skin-	resident	microorganisms	
to a wide variety of malodorous compounds. Fabrics with direct 
skin contact are prone to malodour formation due to the transfer of 
body soils and microorganisms from the skin to the textile. Textile 
malodour may be caused either by direct transfer of malodorous 
compounds from the skin or by microbial transformation of odor-
less	body	soils	to	malodorous	substances	on	the	fabrics.	A	laundry	
process providing effective removal of body soils and microorgan-
isms is of crucial importance to manage malodour control on textiles. 
While bleach- containing powder detergents and high- temperature 
laundry are very effective in the elimination of organic stains and 
microorganisms, washing at low temperatures with mild, bleach- free 
detergents often results in significant microbial residues and incom-
plete	removal	of	organic	stains	on	washed	fabrics.	Analysis	of	bacte-
rial metabolism of the amino acid L- leucine that is present in human 
sweat	to	the	typical	malodorous	substance	IVA	represents	a	quan-
titative test method that can be used for investigation of malodour- 
reducing technologies and their mode of action.

This study is, to our knowledge, the first one demonstrating the 
inhibition	of	the	microbial	production	of	 IVA,	one	of	the	key	body	
malodour	substances	 (Caroprese	et	al.,	2009;	 James,	Austin	et	al.,	
2013; James, Cox et al., 2013; James, Hyliands et al., 2004; Kanda 
et	al.,	1990;	Leyden	et	al.,	1981),	by	an	antimicrobial,	DCPP,	depos-
ited on fabrics.

SSM, a growth medium adapted from James et al. (James, Cox 
et al., 2013) mimicking human sweat and containing L- leucine, which 
is	the	substrate	for	IVA	synthesis,	was	used	for	cultivation	studies.	
In	SSM,	20.1	mg/L	DCPP	strongly	impaired	the	growth	of	S. aureus, 
a representative of the genera of staphylococci. Staphylococci are 
known as key skin- resident bacteria involved in body malodour 
formation (Bawdon et al., 2015; James, Cox et al., 2013; James, 
Hyliands	 et	 al.,	 2004).	 On	 clothes,	 predominantly	 Gram-	positive	
bacteria such as Staphylococcus epidermidis and Staphylococcus homi-
nis and corynebacteria were observed (Callewaert, de Maeseneire 
et al., 2014). In this study, S. aureus	ATCC	6538	was	used.	This	or-
ganism might not be the ideal representative of body malodour- 
producing staphylococci. However, it is a common organism found 
in many international microbiological standard test methods and 
was	used	as	a	representative	Gram-	positive	bacterium	able	to	me-
tabolize	branched	aliphatic	amino	acids,	such	as	L-	leucine,	to	volatile	
degradation	products,	like	IVA	(James	Cox,	&	Worrall,	2013;	James,	
Hyliands et al., 2004). For this model study, the relative abundance 
of a certain bacterial species is not of key importance, but rather 
its ability to perform these metabolic pathways. SSM was shown to 
be suitable for the cultivation of body malodour- producing staph-
ylococci and the analysis of the resulting malodorous substances. 
Hence, SSM functionally mimics but does not fully replace human 
sweat. In contrast to SSM, the most prominent artificial sweat com-
positions found in the scientific literature like the British standard BS 

EN	1811:2001+A1:2015	(reference	test	method	for	release	of	nickel	
from all post- assemblies which are inserted into pierced parts of the 
human body and articles intended to come into direct and prolonged 
contact	with	 the	 skin	 (BIS,	2015)),	 the	European	 standard	EN	 ISO	
105-	E04:2013	 (textiles—	tests	 for	 color	 fastness—	part	 E04:	 color	
fastness	 to	perspiration	 (DIN,	2013))	 and	 the	US	standard	AATCC	
15-	2013	(colorfastness	to	perspiration	(AATCC,	2013)	compositions	
or	SCIN	(Callewaert,	Buysschaert	et	al.,	2014)	contain	considerable	
amounts of sodium chloride, lactic acid and urea but no protein/
peptides,	 as	 summarized	 by	 Kulthong	 or	 Callewaert	 (Callewaert,	
Buysschaert et al., 2014; Kulthong et al., 2010).

Under these conditions, we observed bacterial growth inhibition 
rather	 than	 bactericidal	 activity	 (Figure	 2a).	DCPP’s	 bacteriostatic	
activity was further confirmed by a very mild and delayed pH drop 
in	the	DCPP-	containing	sample	that	reflected	the	impaired	metab-
olism.	In	contrast,	a	characteristic	pH	drop	in	the	sample	w/o	DCPP	
revealed active metabolism and formation of fermentation products 
(Somerville et al., 2002). Surprisingly, little is known about the anti-
microbial	mechanism	of	DCPP.	While	DCPP	provides	bacteriostatic	
activity at low concentrations as found in typical in- use dilutions of 
LLDs (Figures 2 and 3), it exhibits rapid bactericidal activity at higher 
concentrations	 (Ochs	et	al.,	1999).	As	observed	for	other	phenolic	
compounds including diphenylethers, it can be assumed that the li-
pophilic	DCPP	 exerts	 perturbing	 effects	 on	 bacterial	membranes.	
This results in impacts on membrane functionality, and, esp. at 
higher concentrations, on membrane integrity (McDonnell & Russel, 
1999; Villalaín et al., 2001). Furthermore, an inhibitory effect of 
DCPP	on	membrane	lipid	synthesis	could	be	concluded	from	studies	
on	DCPP	complexes	with	the	enoyl-	acyl	carrier	protein	reductase	of	
Helicobacter pylori (Lee et al., 2007). Furthermore, the bacteriostatic 
effect	of	DCPP	is	accompanied	by	a	reduction	of	the	metabolization	
of	L-	leucine	to	IVA,	caused	by	a	lower	number	of	bacteria	and	indi-
cated	by	the	finding	that	almost	no	IVA	was	produced	in	the	DCPP-	
containing sample, while significant amounts were found in the 
absence	of	DCPP	(Figure	2b).	Additionally,	we	could	show	the	broad-	
spectrum	antimicrobial	activity	of	DCPP	in	medium	containing	typ-
ical components of human sweat against the second important 
class of body malodour- producing microorganisms: corynebacteria 
(Figure 3; Callewaert et al., 2013; Leyden et al., 1981; Shehadeh & 
Kligman, 1963)). Further studies are required to provide more ev-
idence	for	this	assumption.	DCPP	exhibited	a	 lower	 impact	on	the	
growth of C. xerosis than observed for S. aureus. This observation 
is in consistence with previous results on minimal inhibitory con-
centration	(MIC)	values	for	DCPP,	revealing	a	lower	susceptibility	of	
C. xerosis (MIC = 6 mg/L) compared to S. aureus and other skin- borne 
staphylococci, such as S. epidermidis (MIC = 0.06 mg/L) (Ochs et al., 
1999). These findings clearly outline that our simplified experimen-
tal malodour setup is suitable for detecting the effectiveness of an 
antimicrobial,	here	DCPP,	in	the	inhibition	of	one	of	the	major	body	
malodour producers, Staphylococcus. Furthermore, the data indicate 
that corynebacterial malodour production might also be affected.

We wondered whether these effects could be confirmed under 
laundry care conditions. Cotton fabrics washed with a standard LLD 
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containing	0.09%	to	0.18%	DCPP,	a	realistic	concentration	used	in	
laundry care, were inoculated with a suspension of S. aureus and 
SMM (Figure 4). Confirming the data obtained in shake flask cultiva-
tion,	treatment	with	a	DCPP-	containing	detergent	inhibited	staphy-
lococcal	growth	and	IVA	formation	on	fabrics.	The	data	demonstrate	
that	DCPP	deposited	on	fabrics	during	 laundry	effectively	 inhibits	
staphylococcal	IVA	formation.

During	laundry	with	DCPP-	containing	detergents,	small	amounts	
of	DCPP	deposit	on	fabrics.	This	effect	might	be	due	to	DCPP’s	hy-
drophobic nature; the water/fabric partition coefficient appears to 
be such that the deposition on the fabric occurs. In this study, the 
levels	of	DCPP	deposition	were	not	determined.	In	a	study	on	DCPP-	
containing	softeners,	where	similar	application	rates	of	DCPP	per	kg	
of	textile	were	applied,	approx.	2.5	mg	DCPP	per	kg	of	textile	were	
found (Metcalfe et al., 2013). It should be noted that a concentration 
in mg/kg textile cannot be compared with a concentration in mg/L 
in	a	solution.	On	the	fabric,	the	local	concentration	of	DCPP	in	the	
liquid water present in the pores of the cotton represents the rele-
vant biocidal concentration. This latter concentration is not easily 
and accurately determinable. The fact that significant inhibition of S. 
aureus’ growth on textile was observed shows that this local effec-
tive concentration lies at least in the range of MIC value for S. aureus 
(Ochs et al., 1999). In the liquid culture experiment, the concentra-
tion of 20.1 mg/L is clearly above the MIC value and was chosen 
to	demonstrate	general	principles	of	malodour	prevention	by	DCPP.

To tackle increased microbial contamination of fabrics (Hammer 
et al., 2011; Riley et al., 2017) and emerging malodour formation 
caused by mild laundry processes, several technologies are available, 
as	previously	reviewed	(Hazenkamp	&	Ochs,	2011).	These	technol-
ogies, however, have several limitations for modern liquid laundry 
detergents. Bleach- based systems like sodium hypochlorite or per-
oxides	 are	 characterized	by	high	oxidative	power	 and/or	 chemical	
instability. These substances exhibit immediate disinfection but can 
destroy	enzymes	and	perfumes	in	the	liquid	detergent	and	decom-
pose under the formation of oxygen gas. Sodium hypochlorite and 
hydrogen peroxide are only available in separate laundry adjuncts 
and can indeed be of value in microbial control. They might, how-
ever,	also	damage	dyes	on	colored	clothes.	A	combination	of	solid	
sodium	 percarbonate	 and	 tetraacetylethylenediamine	 (TAED)	 that	
forms biocidal peracetic acid in situ during washing is only applicable 
in laundry powder detergents. Quaternary ammonium compounds 
(quats)	 like	 benzalkonium	 chloride	 or	 didecyldimethylammonium	
chloride are powerful biocides, which may also show a certain rem-
nant antimicrobial effect on textiles. Due to their cationic nature, 
they are incompatible with laundry detergents, which are mostly 
based on anionic surfactants. Quats can be used in separate hygienic 
after- rinse products and be of value to control bacteria on textiles, 
but they are not applicable in the main wash. Silver ions are used 
in some antimicrobial textiles (Openshaw et al., 2016) but precipi-
tate in alkaline liquid detergents. Likewise, other classes of biocides 

F I G U R E  5 Model	of	microbial	
formation	of	IVA	and	inhibition	of	
IVA	formation	by	DCPP.	(a)	L-	leucine	
present in human sweat is degraded by 
staphylococci, for example, S. aureus, to 
the	malodorous	substance	IVA	(adapted	
from James, Cox, et al. (2013))). (b) 
Treatment of fabrics with a detergent 
supplemented	with	(+)	or	without	(−)	
DCPP;	in	the	absence	of	DCPP,	microbial	
growth	and	production	of	IVA	occur	on	
fabrics,	fabric	treatment	with	a	DCPP-	
containing	detergent	leads	to	DCPP	
deposition and prevention of microbial 
growth	and	IVA	production	on	fabrics.
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cannot	be	used	in	liquid	laundry	detergents:	Aldehydes	(glutaralde-
hyde, formaldehyde) are unstable in alkaline liquids and would react 
with	enzymes	during	storage.	Alcohols	are	not	effective	in	high	di-
lution.	Hence,	DCPP	exhibiting	antibacterial	and	malodour-	reducing	
effects on washed textiles represents an interesting antimicrobial 
technology for improved hygiene with bleach- free detergents that 
are intended to be used especially for low- temperature laundry. 
Concentrations	 between	 0.09%	 and	 0.18%	DCPP	 are	 effective	 in	
an LLD under standard laundry conditions and show strong preven-
tive	effects	on	the	formation	of	malodorous	IVA	under	experimental	
conditions.

The simplified experimental setup of this study is not consid-
ered to reflect realistic conditions where a large number and strong 
variation in microorganisms, biotransformations, and odorous sub-
stances can be found. This in vitro study merely represents a model 
study that demonstrates how an antimicrobial substance may inhibit 
bacterial transformations, which can lead to reduced malodour on 
clothes.	The	processes	demonstrated	in	this	study	are	summarized	
in	a	model	in	Figure	5:	By	washing	fabrics	with	a	DCPP-	containing	
detergent, ppm levels of the antimicrobial substance are deposited 
on the textiles. If body soil, sweat, and skin- borne staphylococci are 
transferred to the fabrics during wearing, the microbial formation 
of	malodorous	IVA	from	L-	leucine	(Figure	5a)	is	effectively	inhibited	
by	the	antimicrobial	DCPP,	while	in	the	absence	of	DCPP	microbial	
growth	and	metabolism	and	eventually	IVA	formation	on	fabrics	are	
promoted in vitro (Figure 5b).

In	 vivo	 studies	 with	 fabrics	 that	 were	 washed	 with	 a	 DCPP-	
containing detergent and which were worn by volunteers could shed 
more light on the relevance of these findings and might be the subject 
for	future	studies.	Although	biocides,	unlike	antibiotics,	have	a	non-	
specific mode of action, the use of broad- spectrum biocides might 
impact the composition of microbial communities, as recently shown 
(Callewaert	et	al.,	2020).	Therefore,	the	effect	of	DCPP	on	the	micro-
biome and consequences of potential alterations thereof for malodour 
production remain interesting questions which may be addressed in 
future in vivo studies, as well. For all uses of biocides in consumer 
care,	 besides	 general	 toxicological	 and	 environmental	 hazards,	 the	
risk assessment for the products need to consider specific features of 
biocidal actives, such as resistance and cross- resistance development 
to	other	biocides	or	antibiotics	(e.g.,	(Condell	et	al.,	2012;	Edgar	&	Bibi,	
1997; Tandukar et al., 2013)), and their relevance under realistic use 
conditions	(SCENIHR,	2009,	Bloomfield,	2002,	Smith	et	al.,	2012).

5  |  CONCLUSIONS

In	this	study,	we	have	established	GC-	FID-		and	GC-	MS-	based	meth-
ods	to	analyze	microbially	produced	IVA	in	artificial	human	sweat-	
mimicking	 medium	 and	 on	 fabrics.	 We	 demonstrated	 that	 IVA	 is	
produced in this medium on fabrics by the skin- resident bacterium 
S. aureus. Moreover, we show a relatively simple experimental setup 
for	analyzing	the	effects	of	an	antimicrobial	on	body	malodour.	The	
study provides evidence that staphylococcal growth, metabolism, 

and	IVA	production	in	a	medium	that	functionally	mimics	sweat	and	
on fabrics contaminated with the bacterium can be inhibited by an 
antimicrobial	 substance,	DCPP,	 that	 is	deposited	on	 fabrics	during	
laundry	 with	 a	 DCPP-	containing	 detergent.	 Furthermore,	 the	 ac-
tivity of the antimicrobial against corynebacteria, important body 
malodour producers, was shown, suggesting a broad- spectrum mal-
odour inhibition on fabrics. Thus, antimicrobial technologies show-
ing deposition on textiles during the laundry process represent an 
interesting approach to increase hygiene in laundry care where low- 
temperature washing with mild detergents elevates the problem of 
microbial contamination and malodour formation.
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