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ABSTRACT Colonization of textiles and subsequent metabolic degradation of sweat
and sebum components by axillary skin bacteria cause the characteristic sweat malodor
and discoloring of dirty clothes. Once inside the textile, the bacteria can form biofilms
that are hard to remove by conventional washing. When the biofilm persists after wash-
ing, the textiles retain the sweat odor. To design biofilm removal and prevention strat-
egies, the bacterial behavior needs to be understood in depth. Here, we aim to study
the bacterial behavior in each of the four stages of the bacterial life cycle in textiles: ad-
hesion, growth, drying, and washing. To accomplish this, we designed a novel in vitro
model to mimic physiological sweating in cotton and polyester textiles, in which many
of the parameters that influence bacterial behavior could be controlled. Due to the
higher hydrophobicity, polyester adhered more bacteria and absorbed more sebum, the
bacteria’s primary nutrient source. Bacteria were therefore also more active in polyester
textiles. However, polyester did not bind water as well as cotton. The increased water
content of cotton allowed some species to retain a higher activity after the textile had
dried. However, none of the textiles retained enough water upon drying to prevent the
bacteria from adhering irreversibly to the textile fibers. This work demonstrates that bac-
terial colonization of textiles depends partially on the hydrophobic and hygroscopic
properties of the textile material, indicating that it might be possible to direct bacterial
behavior in a more favorable direction by modifying these surface properties.

IMPORTANCE During sweating, bacteria from the skin enter the worn textile along

with the sweat. Once inside the clothes, the bacteria produce sweat malodor and

form colonies that are extremely hard to remove by washing. Over time, this leads

to a decreasing textile quality and consumer comfort. To design prevention and re-
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Textile

fiber

FIG 1 The life cycle of a bacterial biofilm on a textile fiber. The bacteria continuously undergo
alternating and periodic stages of adhesion, growth, drying, and washing.

needed. To design biofilm removal and prevention strategies, the bacterial behavior in
textiles needs to be understood in depth. The bacterial behavior is expected to be gov-
erned by the physicochemical nature of the textile fibers and the textile’s resulting
interaction with sweat components. To understand how fiber properties influence bac-
terial behavior, we studied two textile types with different physicochemical properties.
The two most common textile types are polyester and cotton, which may stimulate
growth of very different biofilms. Understanding how the biofilms in cotton and poly-
ester differ and which textile properties induce these differences is fundamental for
designing new strategies to combat textile biofilms.

Bacterial colonization and growth in textiles are dynamic phenomena that undergo
periodic stages of development as the textile is worn, dried, washed, and worn again
(Fig. 1). In the first stage, the axillary bacteria are introduced into the textile during
heavy sweating, as occurs during exercise. The sweat is wicked into the textile and car-
ries the suspended bacteria along with it. The bacteria can then adhere to the textile
fibers. Bacterial adhesion to a surface is the first step in forming a biofilm, and differen-
ces in adhesion to cotton and polyester fibers are likely to influence the resulting bio-
film. We hypothesize that biofilms will establish faster on the more adhesive fibers,
which will affect the bacterial behavior during the other stages of the life cycle. The
physics of bacterial adhesion to surfaces can be described by the extended Derjaguin,
Landau, Verwey, and Overbeek (XDLVO) theory (2), which predicts that bacteria will
adhere more strongly to more hydrophobic fibers. After adhesion, biofilm growth is
limited by the availability of nutrients. The primary nutrient source of bacteria in tex-
tiles is the apocrine sweat that is introduced during sweating (1). The composition of
apocrine sweat is poorly understood but can be approximated to be a mix of the aque-
ous eccrine sweat and the lipid sebum (3-5), which have known compositions. Eccrine
sweat is composed of ~99% water, while the residual percentage consists of electro-
lytes, amino acids, carbohydrates, and vitamins (6, 7). Sebum is composed of triglycer-
ides, fatty acids, squalene, cholesterol, wax esters, and cholesterol esters (7). In this mix-
ture, sebum is thought to be the bacteria’s primary nutrient source. Due to the lipid
nature of sebum, it is immiscible in water. As sebum forms a discrete phase in the
aqueous sweat, it will not distribute uniformly. The volume and morphology of the
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absorbed sebum phase depend on the textile properties and will, in turn, affect the
growth of the bacteria that metabolize it. The textile type that absorbs more sebum is
expected to contain more active bacteria. When sweating ceases, the transport of
sweat into the textile ceases as well. As water evaporates from the absorbed sweat, the
textile dries and bacterial activity declines. Biofilms that retain water are expected to
survive longer than biofilms that dry out. Likewise, drying exposes the bacteria to capil-
lary forces, which can irreversibly adhere them to the textile fibers (8). Textiles that
retain water at equilibrium may prevent complete drying and therefore avoid irreversi-
ble adhesion during drying. Irreversibly adhered bacteria are very difficult to remove
by washing, which poses a big challenge to the laundry industry. The dried biofilm
may not be active or viable but can retain malodorous compounds and cause textile
discoloring due to bacterial pigments (9). Furthermore, desiccated biofilm can serve as
an additional nutrient source of the new axillary bacteria that are introduced once the
textile is worn again, which may lead to increased growth and malodor production.
Repeated use of the textile will result in accumulating bacterial biomass, decreasing
the textile quality and consumer comfort. To design prevention and removal techni-
ques, we need to understand the phenomena that dictate behavior in each stage of
the bacterial life cycle (Fig. 1). It is important to note that the stages do not happen in
sharply defined time periods for all bacteria and some of the processes in the different
stages occur simultaneously. However, dividing the bacterial life cycle in textiles into
four stages is a useful simplification when investigating bacterial behavior. Here, we
aim to unveil how the bacterial behavior is governed by textile properties.

To investigate the colonization of textiles by axillary bacteria, we created an in vitro
model in which most of the relevant variables can be controlled. Artificial sweat was
mixed de novo from the known components (Table 1), while artificial sebum was
obtained by a lipid extraction of abdominal subcutaneous fat (10). The model axillary
microbiome was composed of equal concentrations of Staphylococcus epidermidis,
Staphylococcus hominis, Micrococcus luteus, Corynebacterium jeikeium, and Cutibacterium
acnes. These species are found in high density on the axillary skin and are thought to be
the main culprits in sweat malodor and discoloring (11-15). The bacteria were adjusted
to 2.22 x 108 ml~", which is the estimated concentration of bacteria on the skin when
exercise commences, based on an assumed sweating rate of 300 ml m~2 h~' and a bac-
terial surface density of 107 cm=2 (11, 16). The textiles were inoculated with the model
microbiome and subsequently incubated at controlled temperature and relative humid-
ity to mimic the gradual drying of the textile after wear and prior to washing. The model
was used to investigate bacterial adhesion and metabolic activity during the first 3
stages of the bacterial life cycle and to quantify bacterial retention during washing, the
last step of the cycle. Although the model has limitations like any model system, the
results generated through its use corresponded well with the findings of other studies.

RESULTS

Polyester is more hydrophobic than cotton. The physicochemical properties of
cotton and polyester are thought to govern the bacterial behavior in all stages of the
biofilm life cycle. The hydrophobicity of the textile and the resulting interaction with
water and sweat-sebum were investigated. Measuring the contact angle through the
Wilhelmy plate method revealed that polyester is significantly more hydrophobic than
cotton, differing by ~8° in the contact angle (Fig. 2a). Previous measurements indi-
cated a difference in contact angle of ~14° (17). However, neither of the measured
contact angles is statistically significantly different from the literature values.

Due to the difference in hydrophobicity, cotton and polyester differ in their hygro-
scopic behavior. Cotton initially absorbed more water than polyester when inoculated
with artificial sweat-sebum (Fig. 2b), indicating that higher hydrophilicity of cotton resulted
in a higher hygroscopicity. While cotton and polyester differed in their initial water con-
tent, the evaporation kinetics of the textiles were similar (Fig. 2e) and consistent with
previous findings (18). Cotton and polyester had initial evaporation rates of 1.78% and
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TABLE 1 Composition of artificial sweat-sebum

Component Amt
Amino acids (g/liter)®®
-Alanine® 5.16 x 1072
L-Arginine® 136 x 107"
L-Asparagine® 3.08 x 1072
L-Aspartate® 8.25 x 1072
-Citrulline? 7.01 x 1072
L-Cysteine® 390 x 1073
L-Glutamate 544 x 1072
L-Glutamine® 450 x 1073
Glycine® 2.93 x 1072
L-Histidine® 8.07 x 1072
L-Isoleucine? 223 x 1072
L-Leucine® 275 x 1072
L-Lysine monohydrochloride® 2.74 x 1072
-Methionine® 8.40 x 1073
L-Ornithine monohydrochloride? 2.53 x 1072
L-Phenylalanine? 213 x 1072
L-Serine® 424 x 107"
L-Threonine® 536 x 1072
L-Tryptophan 1.12 x 1072
L-Tyrosine? 3.08 x 1072
L-Valine? 293 x 1072
Carbohydrates (g/liter)®
p-Glucose 2.77 x 107!
Lactic acid (88%) 1.74 x 10°
Sodium pyruvate 6.97 x 1072
Nitrogenous compounds (g/liter)®
Creatinine 6.00 x 1073
Urea 1.59 x 10°
Vitamins (g/liter)?
Ascorbate 1.73 x 1073
Choline chloride 3.63 x 1073
Folic acid 7.06 x 107°
Inositol 288 x 10°*
Nicotinic acid® 5.05 x 107"
p-Aminobenzoic acid 9.73 x 107¢
Pantothenic acid calcium salt 2.48 x 10°
Pyridoxine hydrochloride 2.06 x 10°
Riboflavin© 4,00 x 102
Thiamine hydrochloride 1.69 x 107"
Inorganic compounds (g/liter)®
Calcium sulfate 1.32x 1077
Potassium hydrogen carbonate 2.60 x 102
Sodium chloride 6.31 x 10°
Sodium phosphate monobasic 4,08 x 103
Lipids (ml/liter)®
Abdominal subcutaneous fat extract 1.64 x 10
Cholesterol 8.00 x 107"
Squalene 2.00 x 10°

aSee reference 5.
bSee reference 10.
<Different from cited.

1.85% min~", respectively. The drying process took a little longer in cotton due to the
higher initial water content, and cotton also displayed a higher moisture regain at the end
of the drying process (Fig. 2c). When inoculated with artificial sweat-sebum, cotton
retained 2.24% of the textile weight in water while polyester retained 0.23% water. These
results are consistent with earlier findings that show that the moisture regain under these
conditions is ~4% for cotton (19), while it is practically zero in polyester (20). The
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FIG 2 Physicochemical properties of cotton and polyester textiles. (a) Hydrophobicity of cotton and
polyester textiles measured by the contact angle with water (n = 3). (b) Absorbed water content in
cotton and polyester as measured by percentage of textile dry weight (n = 4). (c) Moisture regain of
cotton and polyester after 24 h (n = 3). (d) Absorbed sweat (n = 6) and sebum (n = 10) in cotton and
polyester textiles. (e) Evaporation of inoculated liquid from textile over time (n = 4). Statistical
significance was evaluated by a two-tailed Welch t test.

hygroscopic and hydrophobic properties of the textile can affect bacterial attachment
directly and bacterial growth indirectly through its effect on water retention and availabil-
ity of nutrients from the hydrophobic sebum. We therefore proceeded to investigate the
interaction of sebum lipids with the textile fibers.

In contrast to water absorption, the hydrophobic polyester absorbed more sebum and
more sweat solutes compared to cotton (Fig. 2d). Liquid chromatography-mass spectrom-
etry (LC-MS) revealed that the sebum was mainly composed of triglycerides (Fig. S1) and
contained small amounts of sphingomyelin and phosphatidylcholines originating from the
adipocyte cell membranes. Gas chromatography-flame ionization detection (GC-FID) on
FAME indicated that the triglycerides primarily contain myristic acid, palmitic acid, palmito-
leic acid, stearic acid, oleic acid, and linoleic acid (Fig. S1), indicating that the majority of
the sebum components can serve as nutrients to the bacteria. The larger amount of bacte-
rial nutrients will likely stimulate bacterial metabolism in polyester if the distribution of
sebum in the textile makes it available to adsorbed bacteria.

Sebum is distributed along the fiber surface in polyester. After quantification of
sebum absorption, we visualized its distribution to get more insight into sebum'’s avail-
ability to bacteria in the textile. Specific staining of sebum by Nile Red (Fig. S2)
revealed formation of spherical sebum droplets in cotton, and the distribution
appeared unaffected by drying the textile (Fig. 3a). In polyester, however, sebum was
much more homogenously distributed. It coated the fibers and spanned the space
between fibers. Upon drying, sebum remained associated along the length of the
fibers. (Fig. 3b). There were no apparent differences between the downfacing and
upfacing sides. There were no apparent differences between the sides of the textile
that were downfacing or upfacing during contact with the sebum. The images support
our finding that the hydrophobic polyester absorbs more sebum than cotton, and they
reveal that the absorbed sebum is homogenously distributed in the textile, which
potentially increases its availability to bacteria in the textile.

More bacteria adhere to polyester. The first stage in the life cycle is bacterial ad-
hesion to the textile fibers. The simplest case of adhesion is between bacteria and the
naked textile fibers. When the bacteria were incubated with the textile without sebum,
all species favored adhesion to polyester (Fig. 4). Only C. acnes, which adhered poorly
to both textile types, did not display preferential adhesion to one over the other.
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a) Cotton

Before drying
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After drying

b) Polyester

Before drying

After drying

FIG 3 Sebum distribution in cotton (a) and polyester (b) textiles. The top row shows CLSM images of the
downfacing side of the textile, before and after drying, while the bottom row shows the upfacing side.
The sebum is stained by Nile Red while the fibers autofluoresce in the blue region of the spectrum.

During sweating, the absorbed sebum affects the surface properties of textile fibers
and may therefore influence the bacterial adhesion. To quantify sebum’s role in bacte-
rial colonization of textiles, we compared bacterial colonization of cotton and polyester
before or after adsorption of sebum in the textile. Collectively, the presence of sebum
did not influence bacterial adhesion to either textile type. Only a small effect was seen
for C. jeikeium, which adhered better to cotton when sebum was present (Fig. 4d). The
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comparison. Statistical significance was evaluated by a two-tailed Welch t test.
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FIG 5 Bacterial activity in textiles. (a to f) ATP concentration was measured before and after 24 h of
incubation (n = 3). (g) The ATP concentration is normalized and summarized to allow for comparison.
Statistical significance was evaluated by a two-tailed Welch t test.

textile samples were gently washed after bacterial adhesion, and we speculated that
bacteria adhered to adsorbed sebum may be released if sebum desorbed from the textile
during the washing step. However, sebum remained in the textile after washing with Triton
X-100 (Fig. S3). Hence, bacteria adhere more readily to polyester, independently of sebum
adsorption (Fig. 4), and biofilm formation therefore has a head start in polyester textiles.

Bacteria are initially more active in polyester. Once bacteria are adhered to the
textile surface, the next stage of the bacterial life cycle is growth. To assess the overall meta-
bolic activity of the adhered bacteria, we measured the ATP content in the textiles inoculated
with artificial sweat-sebum and bacteria both before and after the 24-h incubation step. When
all five species were inoculated together, there was no significant difference in activity between
bacteria adhered to cotton and those adhered to polyester (Fig. 5a). In order to point out any
differences in the metabolic activity of the five bacterial species, we inoculated the textiles sep-
arately with each species and quantified ATP before and after the incubation of the textile for
24 h at controlled humidity which resulted in drying. S. hominis is the only species that showed
higher initial activity in polyester than in cotton. However, the normalized activity indicates that
the bacteria collectively have higher initial activity in polyester than in cotton. The higher ATP
levels in polyester might simply reflect the greater number of adhered bacteria.
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FIG 6 Bacterial adhesion to cotton and polyester before and after drying. The bacterial surface
density, measured in um?® bacterial volume per mm? textile, is indicated before and after harsh
washing (n = 8). Statistical significance was evaluated by a two-tailed Welch t test.

The difference in ATP was absent when the bacteria were inoculated in the absence
of sweat-sebum (Fig. S4), confirming that sebum was used in metabolic processes,
which is in accordance with previous studies of the axillary bacterial community (10).
Although bacterial activity was initially higher in polyester, this trend disappeared after
the textile had dried (Fig. 5g).

After 24 h of incubation, bacterial activity had decreased for most bacteria in both
textiles, and comparison of normalized activity for all bacteria showed no significant
differences in ATP concentration at the end of the incubation. This trend was not
observed in S. hominis and S. epidermidis (Fig. 5b and c). These species maintained or
even increased their activity in cotton during the 24-h incubation, despite the loss of
98.6% of the water in the textile (Fig. 2c), indicating a higher tolerance to desiccation.
Meanwhile, both C. jeikeium and C. acnes had a higher ATP content in cotton than in
polyester after drying.

Bacteria adhere better to the textile after drying. In the 24 h between the ATP
quantifications, the textiles dried, which influenced the bacterial behavior and adhe-
sion strength. What happens during drying may therefore influence the efficacy of the
subsequent washing of the textile. We therefore quantified how many bacteria were
retained before and after a harsh washing step carried out on textiles before and after
the 24-h incubation. Before drying, both cotton and polyester contained mostly loosely
associated bacteria, as indicated by the large decrease in adhered bacteria after wash-
ing (Fig. 6). However, polyester maintained a significantly higher quantity of bacteria
than cotton, both before and after washing.

The washing efficiency of the textiles decreased significantly after the textiles
had dried, as more bacteria became irreversibly adhered as a consequence of dry-
ing (Fig. 6). Quantification of bacteria in the dried textiles was highly variable, and
we could therefore not show any significant differences between the two textile

types.

DISCUSSION

Bacteria adhere better to polyester. The first stage of the bacterial life cycle in tex-
tiles is adhesion to the textile fibers. The difference between adhesion to cotton and
adhesion to polyester therefore confers an important initial difference on the path to
permanent colonization of bacteria in the textile. All the bacterial species tested in this
study, except C. acnes, adhered more strongly to the polyester textiles than to cotton
(Fig. 4). This corresponds well with the XDLVO theory, which predicts that bacteria
adhere more strongly to more hydrophobic surfaces (2). The XDLVO theory is a simplifi-
cation of bacterial attachment, as it considers bacteria as colloidal particles and pre-
dicts their interactions based on average physicochemical properties while ignoring
specific interactions of surface appendages that differ from the average cell surface
properties. However, the theory does serve as a useful guideline predicting attachment
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of bacteria to surfaces, especially if the bacteria are nonmotile like the species used in
this model (21, 22).

As the bacteria approach the surface, they first enter the secondary energy mini-
mum (23-25), from which they can readily detach from the surface, given sufficient
force, such as the shear forces exerted during washing in a laundry machine. Given suf-
ficient energy, the bacteria may also enter the primary energy minimum, in which they
become irreversibly attached. Electrostatic interactions play a role in adhesion, but
they are often repulsive, as most materials (including cotton and polyester) and most
bacteria have negative zeta potentials at neutral pH (25-28). Experiments done under
similar ionic strengths indicate that the more influential parameter for bacterial adhe-
sion is hydrophobicity, as acid/base interactions are the dominant forces (25, 29). As
polyester is the more hydrophobic textile (Fig. 2a), more bacteria adhere irreversibly to
this textile after first entering the clothes during absorption of sweat (Fig. 4 and 6). The
same trend was observed previously in other studies when model organisms were
used (30, 31). The hydrophilic cotton fibers contain hydrophobic wax impurities that
were not completely removed during processing (32). We did not investigate the role
of wax residues in this study, but given that hydrophobicity plays a major role in bacte-
rial adhesion to textiles, the amount and distribution of wax residues in cotton are
potentially significant for bacterial attachment.

The fiber surface is, however, not the only surface available for colonization in the
textile. Absorbed sebum is an additional surface that the bacteria can adhere to. We
speculated that the bacteria might adhere primarily to the hydrophobic sebum and
that sebum adsorption therefore is a major factor affecting bacterial colonization.
However, our study indicates that only C. jeikeium adhered better to cotton when
sebum was present (Fig. 4d). This is not surprising considering the lipophilic nature of
C. jeikeium (33). However, we saw no indication that adsorbed sebum promoted bacte-
rial adhesion for the other species in either cotton or polyester (Fig. 4).

Bacteria attach irreversibly when textiles dry. Most bacteria will not adhere irre-
versibly to the textile fibers while the textile is still wet, because the energy barrier to
irreversible adhesion is too high. However, when the textile starts drying, the decreas-
ing water content begins to affect adhesion (Fig. 7). During evaporation, the sweat sol-
utes are concentrated, leading to increasing ionic strength and decreasing electrostatic
repulsion between bacteria and textile fiber (25). This effect increases adhesion, inde-
pendent of textile type. Adhesion during evaporation is dominated by capillary forces
(34, 35). As water evaporates, bacteria are caught in a film of water on the surface of
textile fibers. When the thickness of the water film is smaller than the diameter of the
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bacteria, capillary forces immobilize the bacteria on the substrate surface due to forma-
tion of a meniscus (8). The capillary force depends on the height of the water film and
the water-bacterium contact angle, which reflects the hydrophobicity of the bacterial
cell surface (Fig. 7). Hydrophilic bacteria experience the most attractive capillary forces
(34). Although hydrophobic bacteria initially experience a repulsive force, the final
force upon complete drying is attractive (34). This force is sufficient to drive the bacte-
rium to adhere irreversibly once the water film is thin enough relative to the cell diam-
eter. The capillary force can create a potential that is 2 orders of magnitude larger than
the energy barrier to irreversible adhesion created by the XDLVO potential (2). This is
likely to make the size of the XDLVO energy barrier (and therefore the hydrophobicity
of the surface) irrelevant to adhesion during drying.

The hydrophilic nature of cotton fiber may not influence the adhesion during dry-
ing directly, but its effect on hygroscopicity of the textile might. Most of the water in
both textiles had evaporated after 2 h (Fig. 2e), but the moisture regain for cotton was
10-fold higher than that for polyester (Fig. 2c). In cotton, the retained water can both
be absorbed into the fiber interior (36) and form a hydrating film on the fiber surface.
Assuming a fiber diameter of 10 um, a cotton density of 1.54 g cm~3, and that all the
water is confined to the surface, the height of the hydrating layer is 170 nm thick after
drying under the conditions studied here, meaning that capillary forces are being
exerted on the bacteria. Cotton’s hygroscopicity is therefore not sufficient to affect
bacterial adhesion in the dry textile under these conditions, and it explains why bacte-
ria remained strongly attached to both cotton and polyester after the textiles were
dried (Fig. 6). Inefficient washing with detergent after wear (37, 38) and after drying of
textiles incubated with model organisms (39) has previously been observed in cotton
and polyester textiles at nonelevated temperatures.

Most textiles are not washed immediately after use, and one would expect that the
textile dries before washing. Preventing malodor by modifying textile fibers to decrease
bacterial attachment is therefore unlikely to be an effective strategy, as the drying process
immobilizes bacteria in the textile regardless of their initial adhesion force. We therefore
turn our attention to the properties that affect the bacterial processes causing malodor.

Polyester provides a readily available nutrient source for microbial growth
through sebum adsorption. The second stage in the bacterial life cycle in textiles is
growth. Bacterial growth is influenced by nutrient availability and water content. While
cotton absorbed more water (Fig. 2b), polyester absorbed significantly larger volumes
of both sebum and sweat solutes (Fig. 2d). The polyester fibers adsorbed more bacteria
than cotton, and the initial activity of the adsorbed bacteria was also higher in polyes-
ter (Fig. 59). Teufel et al. also found that an increased amount of bacterial DNA in poly-
ester textiles inoculated and incubated with harvested sweat compared to those in
cotton (40). Meanwhile, polyester textiles contained a higher bacterial load than cotton
when worn by males for 3 days (37). However, we found that textiles inoculated with
bacteria in phosphate-buffered saline (PBS) did not have a higher activity in polyester
(Fig. S4). In another study, where textiles were inoculated with bacteria in minimal M9
medium, no increased growth was observed in polyester compared to that in cotton
(13). The higher bacterial activity in polyester is observed only when the bacteria are
present in the textile with real or artificial sweat-sebum. We therefore ascribe the
higher bacterial activity in polyester to the higher sebum content and its accessibility
to the adsorbed bacteria.

We use the XDLVO theory again to explain the behavior of sebum lipid particles in
the textiles. The hydrophobic sebum had a lower adhesion energy when interacting with
polyester than when interacting with cotton, and this drove the spreading of sebum across
the polyester surface (Fig. 3b) while confining sebum in cotton to discrete droplets (Fig. 3a).
This effect increases the absorption of sebum in polyester (Fig. 2d) and also increases its
availability to bacteria by increasing its surface area. Polyester therefore appears to provide
optimal access to nutrients for the adsorbed bacteria.

Malodor arises from the activity of bacteria that degrade both eccrine sweat and
sebum components in the textile. Degradation of amino acids and lactic acid in sweat
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produces a range of short-chain (C,-Cs) volatile fatty acids while degradation of fatty
acids and triglycerides in sebum result in short-medium-chain (C,-C;,) volatile fatty
acids (41, 42). Between eccrine sweat and sebum, sebum is responsible for the majority
of the malodor (41, 42). Increased bacterial activity caused by higher sebum availability
may therefore explain the higher malodor production previously reported in polyester
clothes compared to that in other textiles (3). Decreasing the sebum absorption by
increasing hydrophilicity may therefore not only decrease bacterial colonization but
also be critical for preventing malodor.

The availability of sebum is not the only parameter relevant to bacterial growth.
When sweating ceases and the textile starts to dry out, the textile’s ability to bind
water becomes important. Although the evaporation rates in cotton and polyester
were almost identical at 37°C and 30% relative humidity (RH) (Fig. 2e), the higher mois-
ture regain in cotton will extend the period that bacteria can grow in the textile. We
show that the small amount of water retained in cotton was sufficient for continued
activity of the desiccation-resistant staphylococci (Fig. 5b and c).

The higher hygroscopicity of cotton can also affect release of odorous compounds
from the textile. Higher moisture regain has previously been correlated to decreased
odor production (43). Short-chain fatty acids tend to be very volatile and evaporate
from the textile rapidly, while medium-chain fatty acids are less volatile (44). As the
water phase evaporates from the textile, the less volatile fatty acids become concen-
trated, driving further odor release. Cotton can therefore sequester more odor com-
pounds than polyester due to the higher moisture regain (Fig. 2c). In conclusion, the
textiles’ interaction with water and sebum will likely lead to a more intense and imme-
diate production of malodor from polyester. The more hydrophilic and hygroscopic
textiles like cotton may thus be less prone to malodor production. However, they
would also prolong bacterial activity and survival in the textile during drying. It is
unclear if this extended viability affects biofilms in the textiles in the long term.

The described phenomena should be extendable to textile materials other than cot-
ton and polyester. The man-made TENCEL textile is made of hydrophilic cellulose-
based fibers (45). Thus, Tencel textiles supported relatively low bacterial growth when
inoculated with harvested sweat, comparable to cotton (40). Nylon is also a synthetic
fiber material and has a hydrophobicity between that of cotton and polyester (46),
with bacterial growth showing a corresponding pattern (40). However, no significant
difference in odor intensities has been observed between nylon and polyester (47). A
textile material that appears to defy our hypothesis is wool, which is both hydrophobic
and produces little malodor (43). However, this is due to the heterogenous nature of
the wool fibers. Even though the fiber surface is hydrophobic (48), wool fibers are still
very hygroscopic due to the cellulosic interior (49). This allows the wool to better retain
and sequester the produced odor compounds (43), even though the fiber surface likely
adsorbs more bacteria and sebum. More textile materials with different properties
need to be studied to evaluate whether the observed phenomena are a general rule or
apply only to cotton and polyester.

One essential property of sportswear is low hygroscopicity, which is the primary
reason that polyester textiles are used for this application. However, this study indi-
cates that the increased hydrophobicity leads directly to higher sebum absorption and
therefore a higher bacterial malodor. Increasing hydrophilicity would mitigate malodor
production but compromise the low hygroscopicity, which is the central feature of
polyester sportswear. However, a compromise between these two properties may not
be necessary. An ideal solution would be to employ fibers or fiber coatings with low
surface energy, like silicones and fluorocarbons, which are both hydrophobic and lipo-
phobic (50, 51). Such textiles have already been designed that exhibit good lipophobic
and hydrophobic properties (52, 53). It is expected that such textiles would also pro-
duce less bacterial malodor during sweating due to lower sebum absorption.

Conclusion. Studying the differences in bacterial behavior between cotton and
polyester textiles through our designed model system has given key insights into the
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mechanisms that influence the bacterial life cycle in clothes. The more hydrophobic
textile adhered more bacteria, due to the lower energy barrier to adhesion. Stronger
bacterial adhesion drives faster establishment of surface-associated biofilms. However,
once the textile dries, the bacteria adhere irreversibly to the fibers, due to capillary
interactions. Although the more hydrophilic cotton has a higher moisture regain, insuf-
ficient water was retained to prevent irreversible adhesion in either of the textiles. As
most textiles dry before washing, preventing bacterial adhesion to the textile fibers is
likely not the most effective strategy to prevent malodor production.

The more hydrophobic polyester also absorbed more sebum into the textile. The
absorbed sebum provides the bacteria with a nutrient source, which causes malodor
production through incomplete degradation. The higher sebum content in polyester is
hypothesized to be the cause of the increased bacterial activity compared to that of
cotton, indicating that this is the reason for the higher malodor production in polyester
sportswear. Increasing textile hydrophilicity would likely mitigate odor production but
compromise low hygroscopicity, the central feature of polyester sportswear. An ideal
solution may be found creating textiles of low-surface-energy materials that are both
hydrophobic and lipophobic.

The insight obtained by studying the bacterial life cycle in textiles may also be
applied to other settings where bacterial colonization is an issue, especially surfaces
that are periodically wetted and dried. When bacteria adhesion should be minimized,
surface hydrophilicity can be optimized. Meanwhile, when bacterial viability should be
minimized, the surface can be made hydrophobic to minimize water binding.

MATERIALS AND METHODS

Synthesis of artificial sweat and sebum. All sweat components were bought from Sigma-Aldrich.
To prepare artificial sweat, 1 liter of Milli-Q water was preheated to 37°C. The individual components
were added to the water in the indicated concentrations (Table 1). The dissolved riboflavin concentra-
tion that could be achieved was 53% of that used previously, while the nicotinic acid concentration was
100-fold lower (5). After adding the solutes, pH was adjusted to 6 and the solution was sterile-filtered
through a 0.22-um Corning cellulose acetate filter.

Artificial sebum is composed mainly of a lipid extract of human adipose tissue. Human abdominal
subcutaneous fat tissue was obtained from a liposuction of a 49-year-old male. Surgery was performed
by the Department of Plastic Surgery at Aarhus University Hospital. Blood was separated from the fat tis-
sue by centrifugation and the lipids were extracted by a chloroform-methanol extraction (10, 54).
Adipose tissue was diluted to mass/volume fraction of 1/20 in an 8:4:3 vol% chloroform-methanol-water
mixture. The cells were homogenized and lysed by sonication. After centrifugation, the chloroform
phase containing the lipids was extracted and washed in 0.9% NaCl. Squalene and cholesterol were
added (Table 1) and the chloroform solvent was removed by evaporation. The artificial sweat and sebum
were stored at 4°C, mixed in the annotated proportions, and vortexed at 3,400 rpm for 20 s prior to use.

The lipid composition of the artificial sebum was analyzed by liquid chromatography and mass spec-
trometry (LC-MS), and the fatty acid composition was investigated by gas chromatography and flame
ionization detection (GC-FID) on fatty acid methyl esters (FAME).

In vitro inoculation of sweaty textiles. Microorganisms were purchased from DSMZ. S. hominis
DSM 20328, S. epidermidis DSM 20044, M. luteus DSM 20030, and C. jeikeium DSM 7171 were grown for
12 h at 37°Cin 10 ml tryptic soy broth (TSB) plus 0.2% Tween 80. C. acnes DSM 1897 was grown for 84 h
anaerobically at 37°C in 20 ml TSB. The bacterial species were tested individually and collectively (all to-
gether). The bacteria were washed in 0.9% NaCl and adjusted individually to an optical density (OD) of 1
in the indicated liquid. The bacteria were diluted to 2.22 x 108 ml~" per species in a 10-ml solution,
which was placed in a 35 by 10 mm petri dish. A circular piece of pre-autoclaved textile (diameter of
11 cm) was placed on top of the petri dish (Fig. 8). The center of the textile made contact with the liquid
and was inoculated for 1.5 h at 21°C. This is referred to as the inoculation step. The sweat-sebum-bacte-
ria mixture was then removed, and the textile was subsequently incubated for 24 h at 37°C and 30% RH
in an open system where the absorbed water could evaporate. This is referred to as the incubation step.

Characterization of textile properties. The Wilhelmy plate method was employed to investigate
the fiber surface hydrophobicity of the cotton and polyester fabrics (17). A Sigma 700 tensiometer was
used to measure the wetting force. Textile pieces were cut and mounted on the tensiometer, held in a
rigid vertical position, and gently immersed in the liquid, with less than 1 mm below the surface. After
saturation, the wetting force was recorded by the tensiometer. Wetting was first recorded in hexade-
cane. The textiles pieces were dried for 48 h at 37°C. The textile pieces were cooled to room tempera-
ture, and the wetting force in water was recorded. The fiber hydrophobicity was calculated from the
measured wetting forces, assuming the fibers to have hydrophobicity equal to that of the macroscopic
textile pieces (17).

To characterize sweat, sebum, and water uptake as well as moisture regain, artificial sweat-sebum
was introduced to the textile by the inoculation and incubation step without bacteria. The textile weight
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FIG 8 Model designed to mimic textile in contact with sweating skin. The textile is brought in contact
with the artificial sweat-sebum-microbiome inoculum for 1.5 h and incubated at 37°C for 24 h.

was measured before inoculation, after inoculation, after incubation at 37°C and 30% RH, and after dry-
ing overnight in an oven at 105°C. To record the evaporation kinetics, the textile weight was recorded
every 5 min for the first 60 min during incubation and every 10 min for the following 60 min. The textiles
were weighed after 24 h of incubation, where it was assumed that equilibrium had been reached.

Visualization of lipid distribution in textiles. To determined how the sebum lipids distribute in the
textile, lipids were stained by Nile Red and visualized by confocal laser scanning microscopy (CLSM).
Artificial sweat-sebum was introduced into the textiles using the inoculation and incubation step with-
out bacteria. A total of 100 ml 1 ug/ml Nile Red dissolved in 70 vol% ethanol was added to the textile
before CLSM imaging with a Zeiss LSM 700 with a 40x/1.2 NA plan-Apochromat objective and excitation
at 405 nm (for SYTO41) and 555 nm (for Nile Red). The 405-nm laser was used to visualize the textile
fibers, as it induced a weak autofluorescence. Both sides of the textile were visualized, with the side ini-
tially in contact with the sweat-sebum reservoir henceforth referred to as the downfacing side and the
opposing side referred to as the upfacing side.

Bacterial adhesion to textiles. Sweat-sebum or sweat alone was introduced to the textiles using
the inoculation step without bacteria. The textiles were subsequently incubated at 37°C and for 24 h
and small pieces of textile were cut from the center. The given bacterial species were cultured until they
reached early stationary phase. The bacteria were pelleted and washed in 0.9% NaCl. Bacteria were
resuspended in PBS and adjusted to an OD of 1. Each textile piece was submerged in 1T ml of the bacte-
rial suspension and incubated for 1.5 h at 37°C and 150 rpm. The textiles were subsequently washed 10
times manually by pipette with 1 ml 0.05% Triton X-100 in PBS, stained with 10 M SYTO 9, and imaged
by Zeiss LSM 700 with SYTO 11/SYTO 41 settings. Nine z-stacks of 320 um by 320 um were taken at ran-
dom locations on each side of the textiles. The bacteria in the images were counted by the Daime soft-
ware (55). To compare data from individual species, the bacterial densities were normalized according
to the linear normalization sum-based method (56).

Bacterial activity in textiles. Assessing the growth and activity of the bacteria in sweaty textiles
was done by quantifying the ATP content, as done previously (57-59). Textiles were inoculated by the
indicated bacterial species, or all species together, and suspended in the indicated liquid for 1.5 h. After
inoculation, half of the center section of the textile (Fig. 8), which had been in contact with the inocu-
lum, was cut out and the ATP was quantified. The other half was incubated for 24 h at 37°C, after which
the ATP content was quantified. ATP was quantified using a BacTiter-Glo microbial cell viability assay
from Promega. The wet textile was immersed in an Eppendorf tube with a solution of 300 ul PBS and
300 ul BacTiter-Glo reagent. Dried textiles were wetted just prior to immersion in the solution. The tubes
were vortexed, the textile pieces were mixed in the solution by tweezers, and the tubes were incubated
for 15 min at 21°C and 150 rpm. The tubes were subsequently vortexed again and 100 ul of the solution
was added to three different wells in a 96-well plate (Nunclon Delta Surface). Luminescence intensity
was recorded (VarioScan Flash, Thermo) 33 min after addition of the luciferase reagent, and the average
intensity was calculated from the three wells. The recorded luminescence was converted to ATP concen-
tration by a standard curve. The dried textiles were weighed and the ATP content was adjusted to the
textile dry weight. ATP concentrations were normalized according to the linear normalization sum-based
method to compare the activity of the different species.

Bacterial adhesion to textiles before and after drying. Textiles were inoculated with the artificial
sweat-sebum and all the bacterial species together for 1.5 h. After inoculation, two pieces of textile from
the center section were cut out for analysis. The rest of the textile was incubated for 24 h at 37°C, after
which similarly sized pieces were cut out for analysis. Of each sample, one textile piece was washed vig-
orously to retain only irreversibly adhered bacteria, while the other piece was briefly wetted to allow for
retention of loosely adhered bacteria. Harsh washing was done by suspending the textile piece in 1 ml
0.05% Triton X-100 in PBS and vortexing at 3,400 rpm for 30 s, before washing 10 times by pipette with
1 ml 0.05% Triton X-100 in PBS. The textiles were stained with SYBR green Il RNA gel stain (Thermo
Fisher Scientific) and imaged by Zeiss LSM 700 with SYTO 11/SYTO 41 settings. Nine z-stacks of 320 um
by 320 um were taken at random locations on each side of the textiles. The biovolume of the bacteria
was quantified by the Daime software.
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