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A B S T R A C T

Bacterial spores pose significant risks to human health, yet the inactivation of spores is challenging due to their 
unique structures and chemical compositions. This study investigated the synergistic effect between surfactants 
and chlorine on the inactivation kinetics of Bacillus subtilis spores. Two surfactants, cocamidopropyl betaine 
(CAPB) and cetyltrimethylammonium chloride (CTMA) were selected to investigate chlorine disinfection in 
absence and presence of surfactants. The concurrent presence of both chlorine and surfactant resulted in a 
moderate reduction in the lag-phases for spore inactivation and negligible increase in the second-order inacti
vation rate constants. In contrast, when the spores were pre-exposed to surfactants, the lag-phases decreased by 
about 50 % for both CAPB and CTMA, and the second-order inactivation rate constants during post-chlorination 
remained constant for CAPB but increased by a factor of 2.3 for CTMA, compared to the control group with 
phosphate buffer. This synergistic effect became more pronounced with longer surfactant pre-exposure times, 
reaching its maximum at 3–6 h. The observed synergistic effect suggests that surfactants can potentially enhance 
the permeability of the coat which is the outmost layer of B. subtilis spores and a primary barrier for chemical 
disinfectants. Tracing a group of B. subtilis spores sequentially treated with surfactant and chlorine by atomic 
force microscopy, a significant decrease in compressive stiffness of the spores was observed due to exposure to 
surfactants, indicating alterations in the coat by surfactants. The trend in reducing compressive stiffness aligned 
well with the decrease of lag-phases in inactivation kinetics. Furthermore, CTMA was found to inactivate 
B. subtilis spores through mechanisms different from chlorine. Chlorine primarily inactivated B. subtilis spores 
before damaging the inner membrane of the spores which plays a crucial role in protecting the genetic material 
stored in the core of the spores. In comparison, CTMA damaged 22 % of the inner membrane for an inactivation 
efficiency of 99 %. A synergistic effect in damaging the inner membrane was observed when applying CTMA and 
chlorine simultaneously instead of sequentially.

1. Introduction

Bacterial spores are formed as the result of a stress response during 
starvation of mother cells of bacteria (McKenney et al. 2013). Once 
formed, bacterial spores can survive for long time periods (more than 
centuries) (Cano and Borucki 1995, Sneath 1962) and exhibit extraor
dinary resistance to adverse environments, such as chemicals, heat, and 
UV radiation (Nicholson et al. 2000, Setlow 2006). When nutrients 
become available, the spores germinate from dormancy and return to 
vegetative growth (Setlow 2003). The extreme persistence and capa
bility to germinate make it challenging to effectively control the risk of 

bacterial spores, especially those formed from pathogenic bacteria. In 
food industries, pathogenic spore-forming bacteria account for a major 
part of bacterial foodborne diseases and non-pathogenic species also 
pose challenges for food spoilage (Andersson et al. 1995, Wells-Bennik 
et al. 2016). In healthcare facilities, bacterial spores formed from human 
pathogens, such as Clostridium difficile pose significant risks to health
care workers and patients by touching inefficiently disinfected surfaces 
(Leffler and Lamont 2015, Siani et al. 2011). Bacillus subtilis spores serve 
as model organisms for studying bacterial spores across various fields. In 
water treatment, B. subtilis spores are often used as surrogates for 
Cryptosporidium parvum oocysts, despite some differences in inactivation 
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kinetics between the two microorganisms (Larson and Marinas 2003, 
Morrison et al. 2022). Additionally, B. subtilis spores are commonly used 
to assess the performance of UV disinfection systems (Blatchley III et al. 
2005, Bucheli and Egli 2010, USEPA 2006).

The structure and chemical composition of bacterial spores account 
for their unique resistance properties (Setlow 1993, 1995, 2006). The 
structures of spores contain multiple layers, from the outermost to the 
innermost including an exosporium, a coat, an outer membrane, a cor
tex, a germ cell wall, an inner membrane, and a core (Figure S1, Sup
porting Information, SI) (Setlow 2014). Among them, the coat and the 
inner membrane are the main barriers against chemicals, especially 
oxidizing agents (Leggett et al. 2012, Setlow 2014). The coat of spores 
consists predominantly of proteins and serves as a sieve for large mol
ecules like lysozyme (Driks 1999). The coat was also identified as a 
critical barrier against oxidizing chemicals such as chlorine, chlorine 
dioxide (Young and Setlow 2003), ozone (Young and Setlow 2004), and 
hydrogen peroxide (Riesenman and Nicholson 2000). This was eluci
dated by comparing the inactivation efficiencies of wild-type spores 
with chemically decoated spores or spores that carried a mutation in the 
gene essential for coat morphogenesis. The resistance to oxidizing 
chemicals could be partially attributed to detoxifying enzymes, such as 
superoxide dismutase (Henriques et al. 1998). The inner membrane of 
spores is remarkably impermeable to even small molecules such as 
methylamine and water (Cortezzo and Setlow 2005, Sunde et al. 2009). 
The inner membrane plays a major role in protecting essential genetic 
material stored in the core against chemicals.

Surfactants which are widely applied in households and industries 
can serve as antimicrobial agents (Falk 2019). Typically, surfactants 
interact with bacteria by penetrating bacterial cell walls and solubilizing 
lipid membranes (Glover et al. 1999, Sharma et al. 2022). So far, two 
types of surfactants, primary alkyl amines and quaternary ammonium 
compounds, have been reported to be capable of inactivating bacterial 
spores via different mechanisms. Primary alkyl amines initiate the 
germination of spores followed by the inactivation of vegetative cells 
(Mi et al. 2014, Vepachedu and Setlow 2007). Two possible spore 
germination mechanisms were proposed. (i) The primary alkyl amines 
could open a channel in the inner membrane to release dipicolinic acid 
(DPA), a spore-specific chemical stored in the core which serves as a 
germinating agent similar to nutrients (Rode and Foster 1961, Vepa
chedu and Setlow 2007). (ii) Primary alkyl amines could disturb the 
osmoregulatory function of the cortex of spores and lead to rehydration 
in the core (Mi et al. 2014). Quaternary ammonium compounds, such as 
cetyltrimethylammonium bromide, can directly inactivate Bacillus 
spores, partially through damaging the inner membrane (Dong et al. 
2019). In contrast, anionic and zwitterionic surfactants are not expected 
to directly inactivate bacterial spores. However, anionic and zwitter
ionic surfactants could potentially interact with the coat of spores due to 
their ability to denature proteins in viral capsids and bacterial mem
branes (Birnie et al. 2000, Kelleppan et al. 2021, Otzen 2011, Piret et al. 
2002).

The inactivation kinetics of B. subtilis spores by chemical oxidants 
applied in water treatment decrease in the order ozone (Driedger et al. 
2001) > chlorine dioxide (Chauret et al. 2001) ≥ chlorine (Cho et al. 
2003, Russell 1990) >> monochloramine (Larson and Marinas 2003). 
When oxidants are used in sequence, pre-treatment of B. subtilis spores 
with ozone or chlorine dioxide was observed to enhance their inacti
vation kinetics during post-chlorination (Cho et al. 2006). The inacti
vation of spores by chemical disinfectants does not necessarily damage 
the inner membrane and the genetic material of the spores (Young and 
Setlow 2003, 2004). Nevertheless, B. subtilis spores inactivated by ozone 
and chlorine are not capable of germinating back to vegetative bacteria. 
In contrast, the spores inactivated by chlorine dioxide and hydrogen 
peroxide can initiate germination, but without the ability to replicate 
after germination (Melly et al. 2002, Young and Setlow 2003, 2004).

Due to the different mechanisms of inactivation of microorganisms, 
there could be additive or synergistic effects between chemical oxidants 

and surfactants when applied together or in sequence. A study con
ducted in a hospital ward demonstrated that combining a quaternary 
ammonium chloride with hypochlorite resulted in a significant reduc
tion in the concentration of methicillin-resistant Staphylococcus aureus 
on high-touched surfaces near patients. In contrast, hypochlorite alone 
proved ineffective in controlling the risk of S. aureus contamination 
(Yuen et al. 2015). Synergistic effects were observed when cetyl
trimethylammonium chloride was simultaneously present during 
Escherichia coli inactivation by ozone or chloramine (Voumard et al. 
2022). Furthermore, pre-exposure of E. coli to CTMA resulted in 
increased susceptibility to ozone but decreased susceptibility to chlo
ramine (Voumard et al. 2022).

Surfactants discharged into sewers from household and industrial 
usage can account for ~20–30 % of the dissolved organic carbon in raw 
sewage (Margot et al. 2015, Matthijs et al. 1999). Current municipal 
wastewater treatment processes typically reduce surfactant levels from 
tens of mg/L to hundreds of µg/L through biodegradation and sorption 
to sludge (Clara et al. 2007, Margot et al. 2015). Nevertheless, the 
presence of surfactants during the treatment processes may enhance 
disinfection processes such as chlorination of wastewater. However, the 
synergistic effects could be more pronounced in special technical sys
tems. For example, a handwashing station uses ultrafiltration and 
chlorine disinfection to treat and recycle handwashing water 
(Hands4health 2022). In such a system, hand soap that is present in high 
concentrations could potentially affect chlorine disinfection efficiency.

The aims of this study were to investigate the effects of combinations 
of surfactants and chlorine on the inactivation of B. subtilis spores. Two 
surfactants (Figure S2), cocamidopropyl betaine (CAPB) and cetyl
trimethylammonium chloride (CTMA), with different hydrophobic alkyl 
chains (12 versus 18 carbons) and different hydrophilic heads (zwit
terionic versus cationic), were tested. First, the inactivation kinetics of 
B. subtilis spores during chlorination in the absence and presence of 
surfactants were investigated by comparing the lag-phases and the 
second-order inactivation rate constants. The combined effect was also 
assessed by applying the surfactants and chlorine sequentially with the 
spores pre-exposed to surfactants for hours before applying chlorine. 
B. subtilis spores were also investigated by atomic force microscopy 
(AFM) to assess the changes in the mechanical properties of the coat of 
the spores caused by surfactants during the pre-exposure. Furthermore, 
the integrity of the inner membrane of the spores was evaluated during 
chlorine or CTMA treatment by measuring the releases of DPA from the 
core of B. subtilis spores.

2. Materials and methods

2.1. Chemicals and reagents

Sodium hypochlorite (10–15 % solution) and cetyl
trimethylammonium chloride (25 % in water) were obtained from 
Sigma-Aldrich. Cocamidopropyl betaine (30 % in water) was obtained 
from Combi-Blocks. Information on the other chemicals and reagents is 
provided in Table S1 (SI). The concentration of sodium hypochlorite 
solutions was measured photometrically (ε-OCl, 292 nm = 350 M− 1cm− 1) 
(Kumar and Margerum 1987) on a weekly basis using a Shimadzu 
UV-1800 spectrophotometer. The working solutions for sodium hypo
chlorite, CAPB, and CTMA were prepared in sterile ultra-purified water 
(Millipore system (18.2 MΩ)). All glassware (i.e., reactors), pipette tips, 
and related experimental apparatus were sterilized before use.

2.2. Preparation of cultures of B. subtilis spores

Freeze-dried Bacillus subtilis bacteria (ATCC 6633) were obtained 
from ATCC and revived in tryptic soy broth at 30 ◦C. B. subtilis spores 
were prepared according to Driedger et al. (2001). Briefly, a plate con
taining Columbia agar was streaked with revived B. subtilis bacteria and 
incubated upside down at 30 ◦C for 24 h. After incubation, 2 isolated 
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colonies were transferred into a test tube containing 5 mL of tryptic soy 
broth. The test tube was then vortexed and incubated at 37 ◦C for 5 h in a 
shaker at 20 rpm. To induce sporulation, the B. subtilis culture in the test 
tube was poured onto a CaCl2-Columbia agar plate prepared by adding 
20 mL of 1 % calcium chloride into 1 L of a Columbia agar solution. The 
plate was incubated at 37 ◦C for 7 days. After incubation, a thin layer of 
B. subtilis spores was harvested from the top of the CaCl2-Columbia agar. 
B. subtilis spores were suspended in 10 mL of sterile ultra-pure water and 
washed three times with water. After washing, the spores were resus
pended in 0.5 mL of sterile ultra-pure water and kept at 80 ◦C for 15 min 
to remove vegetative cells. The spores stock solution was then stored at 5 
◦C before use. Following the protocol above, the stock solution con
tained ~5 × 108 CFU/mL of B. subtilis spores.

2.3. Inactivation kinetics of B. subtilis spores by chlorine and surfactants

The inactivation of B. subtilis spores in this study refers to the spores 
losing the capability to germinate or to replicate and form colonies on 
agar plates after germination. Experiments to investigate the inactiva
tion kinetics of B. subtilis spores were conducted by spiking surfactants 
(25–100 µM of CAPB, 5–100 µM of CTMA) and/or chlorine (0.1 mM =
7.1 mg/L as Cl2) to 20 mM phosphate buffer (PB, pH 7.0) containing ~5 
× 105 CFU/mL of B. subtilis spores. To remove the vegetative bacteria 
formed during storage, the B. subtilis spores-containing stock solution 
was heated again at 80 ◦C for 15 min before use. The stock solution was 
diluted 1000 times to minimize its chlorine demand, meanwhile, 
ensuring a sufficient initial spores’ density to study inactivation kinetics. 
In the experiments, two different samples were withdrawn to test the 
spores’ viability and chlorine residual. In samples for viability tests, 
chlorine was quenched with excess sodium thiosulfate ([S2O3

2− ]:[chlo
rine] ≥ 5). The samples were then diluted serially up to 104 times with 
sterile ultra-pure water before plating. Chlorine residuals were 
measured by colorimetry with N,N-diethyl-p-phenylenediamine (DPD) 
(Table S2) (Baird and Bridgewater 2017). All experiments were con
ducted with at least two technical replicates.

In viability tests, B. subtilis spores were enumerated with the plating 
method using double-layer agar with minor modifications from Driedger 
et al. (2001). Plate count (PC) agar was used to prepare agar plates. 0.1 
or 0.5 mL of samples containing B. subtilis spores were added to 4 mL of 
soft PC agar (80 % of PC agar) kept at 60 ◦C. Then the suspension 
containing the spores-agar mixture was vortexed and poured onto a PC 
agar plate. After the suspension was solidified, another 4 mL of soft PC 
agar was added on top. The plate was incubated upside-down at 30 ◦C 
for 26 h before counting the colony-forming units (CFU).

2.4. Modeling of kinetic data

The inactivation curves of B. subtilis spores during chlorination were 
modeled using a modified empirical model (Geeraerd et al. 2005, Vou
mard et al. 2022) (eq. 1). The model takes a lag-phase into account and 
was modified by considering chlorine exposure (chlorine concentration 
× contact time) instead of chlorine contact time. 

Nc⋅t = N0 × e− k⋅c⋅t
(

ek⋅Sl

1 + (ek⋅Sl − 1) × e− k⋅c⋅t

)

(1) 

where, c is the chlorine concentration (mg/L), t is the chlorine contact 
time (min), k represents the second-order inactivation rate constant of 
the spores in the log-linear range (L⋅mg− 1⋅min− 1), Sl corresponds to the 
lag-phase (mg⋅L− 1⋅min), N0 represents the initial spore concentration 
(CFU/mL), and Nc⋅t represents the spore concentration at a particular 
oxidant exposure of c⋅t (CFU/mL). Modeling and analysis were per
formed with the package “nlsMicrobio” in R (version 2023.03.1) (Baty 
et al. 2022). In the model, Nc⋅t and the corresponding c⋅t were obtained 
experimentally, N0, k, and Sl were fitting parameters. Chlorine exposures 
were calculated by integrating the measured chlorine concentrations as 

a function of time (Figure S3). The visualization of the kinetic data was 
performed using the package “ggplot2” in R.

2.5. Imaging of treated and untreated B. subtilis spores with atomic force 
microscopy (AFM)

The changes of morphology and mechanical properties of B. subtilis 
spores treated with surfactants and/or chlorine were investigated with a 
JPK NanoWizard 3 AFM (Bruker Nano GmbH, Berlin, Germany) 
equipped with a Zeiss TE-100 inverted microscope (Bruker Nano GmbH, 
Berlin, Germany). The AFM was operated in the "quantitative imaging" 
mode. Data were collected using a cantilever DNP-10 (Bruker Nano Inc., 
CA, USA) with a nominal spring constant of 0.06–0.1 N m− 1. Samples 
were scanned with a scan area of 7.5 × 7.5 µm2. The scans were con
ducted with the following parameters: 128 × 128 pixels, setpoint: 1nN, 
Z length: 0.75 µm, and pixel time: 25 ms.

In the experiments, 100 µL of an aqueous spores-containing solution 
(~5 × 107 CFU/mL) was loaded onto a Petri dish that had been func
tionalized with Corning® Cell-Tak™ according to the commercially 
recommended protocol. The Petri dish was then incubated at room 
temperature for 30 min to allow the spores being attached to the Cell- 
Tak™. After incubation, the Petri dish was washed with ultra-pure water 
to remove unattached spores before refilling it with ultra-pure water. A 
group (>10) of randomly selected spores was scanned as the controls of 
initial cell conditions. After the first scan in water, 10 mM PB (pH 7.0) 
and 50 µM surfactants (CAPB or CTMA) were spiked to the Petri dish, 
and the same group of spores was repeatedly scanned three times. Af
terwards, 0.1 mM chlorine was dosed to the Petri dish and two 
consecutive scans were performed again on the same group of spores. 
After adding surfactants or chlorine, the solution in the Petri dish was 
mixed by pipetting the solution gently. A few spores were detached from 
the Cell-Tak™ after adding chlorine. Each round of scans took about 1 h

Two types of images, the height image and Young’s modulus image 
were processed using the JPKSPM data processing software (version 
6.1.198). Using the processed height image, geometric dimensions 
(length, width, and height) and surface roughness of B. subtilis spores 
were analyzed as explained in Figure S4. Young’s modulus, also called 
elastic modulus is the mechanical resistance of a material while elon
gating or compressing (Vinckier and Semenza 1998). Here, Young’s 
modulus was used to calculate the compressive stiffness of B. subtilis 
spores (Figure S5). In compressive stiffness calculations, both processed 
images of height and Young’s modulus were saved as black-and-white 
images and processed with a custom-made dedicated software written 
in Matlab (version R2023b). The processing consisted in thresholding 
the height image at a given grayscale value, e.g., >30 (~170 nm), to 
define a mask with pixels above the threshold. This procedure permitted 
to select the samples of interest to be analyzed. The mask was then 
superimposed on Young’s modulus image to extract positive matches to 
be used to calculate the spores’ compressive stiffness.

2.6. Test of the integrity of the inner membrane of B. subtilis spores with 
chlorine or CTMA

Dipicolinic acid (DPA) released from the core of spores was moni
tored to assess the integrity of the inner membrane during the inacti
vation of B. subtilis spores during the application of chlorine and/or 
CTMA. DPA was measured by fluorimetric detection of the chelate of 
DPA with terbium (Tb(III)) using fluorescence spectroscopy (Fluorom
eter CaryEclipse MXD 137) in the phosphorescence mode (Hindle and 
Hall 1999). Samples containing DPA were mixed with 10 µM terbium 
chloride (TbCl3) and 1 M acetate buffer at pH 5.6. The mixed samples 
were scanned at 271 nm (λexcitation) and 544 nm (λemission) with a gate 
time of 4.9 ms and a delay time of 0.1 ms. Experiments to detect DPA 
were conducted in 1 mM PB (pH 7.0) to minimize the interference of 
phosphate on the formation of the DPA-Tb(III) complex (Figure S6). The 
samples were centrifuged at 5000 g for 6 min before DPA measurement. 

T. Zhang et al.                                                                                                                                                                                                                                   Water Research 272 (2025) 122944 

3 



The measured DPA concentrations were plotted against the number of 
lysed spore cells to obtain a correlation between the two parameters 
(Figure S7). The calibration curve was generated by autoclaving stock 
solutions of B. subtilis spores (121 ◦C, 30 min) with dilution factors of 2 ×
102–105 (Figure S7). In the experiments with chlorine, excess sodium 
thiosulfate was applied to quench residual chlorine (Moore et al. 2021). 
Part of the samples underwent a post-heating process at a sub-lethal 
temperature of 70 ̊C for 30 min (Figure S8) to maximize the release of 
DPA from chlorine-treated spores before DPA measurement (Young and 
Setlow 2003). In CTMA disinfection experiments, post-heating was not 
applied due to a lack of a quenching reagent for CTMA.

3. Results and discussion

3.1. Inactivation kinetics of B. subtilis spores during chlorination in the 
absence and presence of the surfactants cocamidopropyl betaine (CAPB) 
or cetyltrimethylammonium chloride (CTMA)

During chlorine disinfection, the inactivation curves of B. subtilis 
spores present a lag-phase with minor inactivation and a log-linear 

phase that follows pseudo-first-order kinetics (Figs. 1 and 2). Similar 
inactivation characteristics during chemical disinfection have been 
observed in previous studies (Cho et al. 2003, Driedger et al. 2001, 
Larson and Marinas 2003). To assess the disinfection efficiency for 
different experimental conditions, both the lag-phases (Sl) and the 
second-order inactivation rate constants (k) derived from the log-linear 
phase were compared (Table S3). All inactivation kinetic experiments 
were conducted with an initial chlorine dose of 0.1 mM. In this study, PB 
at pH 7.0 was applied in all experiments, and therefore, interferences of 
PB on the inactivation kinetics of the spores were investigated first. As 
shown in Figure S9, a higher second-order inactivation rate constant was 
observed with 20 mM PB (0.13 L⋅mg− 1⋅min− 1) compared to 1 mM PB 
(0.09 L⋅mg− 1⋅min− 1). In addition, when the spores were pre-exposed to 
20 mM PB for different times (0–51 h) before applying chlorine, the 
lag-phases for the inactivation were moderately reduced from 57 to ~40 
mg⋅L− 1⋅min with a minor increase in the second-order inactivation rate 
constants (Table S3). Based on these findings it is critical to conduct 
kinetic experiments with the same buffer strength so that the data is 
comparable.

The effect of surfactants on the inactivation kinetics of B. subtilis 

Fig. 1. Logarithmic inactivation of B. subtilis spores as a function of the chlorine exposure in absence and presence of CAPB. (a) Simultaneous application of chlorine 
with varying CAPB concentrations. Sequential application of CAPB and chlorine with (b) varying exposure times to 50 µM CAPB and (c) varying CAPB concentrations 
for 6 h pre-exposure. Symbols are experimental observations and lines are model fittings using the modified Geeraerd model (eq. 1). Duplicate experiments were 
grouped when fitting. [B. subtilis spores]0 ≈ 5.8 × 105 CFU/mL (see Table S3 for details), [chlorine]0 = 7.1 mg/L, 20 mM PB, pH 7.0.
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spores by chlorine was tested by simultaneous or sequential addition of 
surfactant and chlorine. CAPB alone does not inactivate B. subtilis spores 
at concentrations of ≤100 µM and exposure times of hours (Figure S10). 
A concurrent addition of CAPB and chlorine reduced the lag-phases from 
57 to 33 mg⋅L− 1⋅min without a significant change in the second-order 
rate constants when compared with chlorine alone (Fig. 1a, Table S3). 
However, when B. subtilis spores were pre-exposed to CAPB for hours 
before applying chlorine, a more pronounced lag-phase reduction (from 
44 to ~20 mg⋅L− 1⋅min) and a moderate increase in the second-order rate 
constants (from 0.11 to 0.17 L⋅mg− 1⋅min− 1) were observed (Fig. 1b). 
The synergistic effect of pre-exposure to CAPB on sequential chlorine 
disinfection reached a maximum for a 6 h pre-exposure time. In the 
sequential application, an increase of the CAPB concentrations from 25 
to 50 or 100 µM did not show an obvious enhancement (Fig. 1c). 
Notably, the tested concentrations (≤100 µM) of CAPB in this study are 
below the critical micelle concentration of 3.1 mM (El-Dossoki et al. 
2020).

Similar tests were performed with CTMA in combination with chlo
rine (Fig. 2). CTMA alone can inactivate B. subtilis spores with 50 µM 
concentration and exposure times of hours (Figure S11). However, this 

inactivation induced by CTMA alone is negligible for exposure times <
20 min which is the maximum exposure time during post-chlorination 
(refer to post-exposure time in Table S3). A concurrent addition of 
CTMA and chlorine reduced the lag-phases from 57 to 35 mg⋅L− 1⋅min 
without yielding an obvious change in the second-order rate constants 
(Fig. 2a). For a sequential application, a more pronounced synergistic 
effect with CTMA and chlorine was observed with the reduction of the 
lag-phases from 37 to ~20 mg⋅L− 1⋅min and a doubling of the second- 
order inactivation rate constants from 0.17 to ~0.35 L⋅mg− 1⋅min− 1 

(Fig. 2b). In sequential experiments, the initial spores’ populations (N0) 
used to calculate log-reduction during post-chlorination were the 
spores’ densities measured after CTMA pre-exposure (refer to N0 in 
Table S3). The synergistic effect of pre-exposure to CTMA on sequential 
chlorine disinfection reached a maximum after a 3 h pre-exposure time. 
When CTMA and chlorine were applied sequentially, a higher concen
tration of CTMA led to higher overall inactivation rate constants from 
0.16 L⋅mg− 1⋅min− 1 in absence of CTMA to 0.33–0.58 L⋅mg− 1⋅min− 1 in 
presence of 10–50 µM CTMA (Fig. 2c, Table S3). Notably, the tested 
concentrations (≤50 µM) of CTMA in this study are below the critical 
micelle concentration of 0.9 mM (Goronja et al. 2016).

Fig. 2. Logarithmic inactivation of B. subtilis spores as a function of the chlorine exposure in absence and presence of CTMA. (a) Simultaneous application of chlorine 
with varying CTMA concentrations. Sequential application of CTMA and chlorine with (b) varying exposure times to 20 µM CTMA and (c) varying CTMA con
centrations for 3 h pre-exposure. Symbols are experimental observations and lines are model fittings using the modified Geeraerd model (eq. 1). Duplicate exper
iments were grouped when fitting. [B. subtilis spores]0 ≈ 5.6 × 105 CFU/mL (see Table S3 for details), [chlorine]0 = 7.1 mg/L, 20 mM PB, pH 7.0.
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Fig. 3 shows a compilation of the synergistic effects for the sequential 
application of the surfactants CAPB (red triangles) and CTMA (blue 
triangles) or PB (black squares) combined with chlorine. The increase of 
the second-order inactivation rate constants is more pronounced for pre- 
exposure of the spores to 20 µM CTMA (from 0.17 to 0.35 L⋅mg− 1⋅min− 1) 
than to 50 µM CAPB (from 0.11 to 0.17 L⋅mg− 1⋅min− 1) which is similar 
as PB control (from 0.13 to ~0.15 L⋅mg− 1⋅min− 1) (Fig. 3a). In contrast, 
the lag-phases were reduced to a very similar extent when the spores 
were pre-exposed to either CTMA or CAPB, whereas for PB a smaller 
effect was observed (Fig. 3b, Table S3). The tested surfactants, CAPB and 
CTMA, have hydrophobic alkyl chains with different lengths (12 versus 
18 C-atoms) and different hydrophilic heads (zwitterionic versus 
cationic) (Figure S2) which could lead to differences when interacting 
with microorganisms. For instance, lauryl betaine (similar to CAPB but 
without an amidopropyl group) and CTMA have minimum inhibitory 
concentrations of 290 µM and 78 µM, respectively for E. coli in broth 
(Birnie et al. 2000, Voumard et al. 2022).

B. subtilis spores have structures with multiple spore layers (see 
discussion above and Figure S1) (Setlow 2014). The outmost layer of the 
coat containing a large fraction of spore proteins and detoxifying en
zymes plays an essential role in protecting spores against chemical dis
infectants (Henriques et al. 1998, Henriques and Moran 2007, Setlow 
2014). The observed lag-phases in the inactivation kinetics curves of 
B. subtilis spores are likely attributed to enzymatic detoxification asso
ciated with the coat of the spores. To effectively inactivate spores, 
particularly hindering the germination process of spores, chorine is ex
pected to penetrate the coat and damage essential components within. In 
the sequential application, surfactants applied during pre-exposure may 
potentially alter the structure of the coat, thus reducing the lag-phase 
and facilitating the penetration of chlorine. Enhanced kinetics were 
observed only when surfactants interacted with spores for hours prior to 
chlorine addition. For simultaneous additions of surfactant and chlorine, 
there was not enough time to precondition the spores before chlorina
tion, thus enhanced inactivation kinetics were not observed.

3.2. Morphological changes of B. subtilis spores after exposure to 
surfactants

To investigate the changes that surfactants could induce on B. subtilis 

spores, the spores were scanned by AFM which is widely used to char
acterize the morphology and mechanical properties of microorganisms, 
including bacterial spores (Chada et al. 2003, Voumard et al. 2020, 
Zolock et al. 2006). Here, we traced and scanned the same individual 
spores of B. subtilis during a sequential treatment by surfactants (CAPB 
and CTMA for ≤ 3 h) followed by chlorine (≤ 2 h) (Figures 4 and S12) 
with a focus on assessing the changes of geometric dimensions, surface 
roughness and compressive stiffness of the spores. Control experiments 
were conducted by pre-exposing the spores to PB for 3 h before adding 
chlorine (Figure S13). Figures 4, S12, and S13 show some labeled and 
unlabeled spores. Only the labeled spores were used for quantitative 
assessment. The unlabeled spores were not considered because they 
completely lost their integrity or were detached from the Cell-Tak™ 
during the treatments.

In the assessment of dimensional changes during the sequential 
treatment with surfactant or PB followed by chlorination, changes were 
observed on some traced spores, however, without a clear trend. During 
pre-exposure to CAPB (Fig. 4), three individual spores among nine were 
observed to be reduced by >20 % in size (Table S4). In contrast, spores 
exposed to CTMA or PB (Figures S12 and S13) had small (<15 %) 
dimensional changes (Table S4). During post-chlorination, spores pre- 
treated with CAPB or PB tended to reduce sizes, but spores pre-treated 
with CTMA tended to have a dimensional increase (Table S4). Since 
these changes were small and not very consistent, they are not further 
evaluated. A scan of a larger population of the spores would be needed to 
further understand these dimensional changes. No changes in the sur
face roughness of the spores were observed for any tested conditions 
(data not shown).

The compressive stiffness of B. subtilis spores was assessed by 
monitoring the variations of Young’s modulus during the surfactant- 
chlorination or PB-chlorination treatments as shown in Figures 4, S12, 
and S13. Calculated values of Young’s modulus are presented in 
Table S4, Figures 5 and S14–16 in which yellow represents control in 
water, green represents pre-exposure to surfactant and/or PB, and red 
represents post-chlorination. In the control experiments with PB 
(Fig. 5a), the average values (open squares) of Young’s modulus 
remained constant during pre-exposure times up to 3 h and were 
reduced significantly from ~35 MPa to < 8 MPa after chlorine addition 
(0.1 mM). In the sequential application of chlorine followed by 

Fig. 3. Inactivation of B. subtilis spores during chlorination in absence and presence of surfactants. Effect of the pre-exposure time with CTMA (20 µM, blue triangles) 
or CAPB (50 µM, red triangles) on (a) second-order inactivation rate constants and (b) lag-phases. Blank experiments with only PB are also shown (black squares). 
[B. subtilis spores]0 ≈ 5.6 × 105 CFU/mL (see Table S3 for details), [chlorine]0 = 7.1 mg/L, 20 mM PB, pH 7.0. Error bars were generated from inactivation kinetics 
fitting using the package “nlsMicrobio” in R by grouping duplicate experiments.
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surfactants (Figs. 5b, c), the mean values (open squares) of Young’s 
modulus decreased gradually from ~30 MPa to ~18 MPa or ~7 MPa 
after pre-exposing to CAPB or CTMA, respectively. Post-chlorination 
further reduced the averaged Young’s modulus value to ~12 MPa for 
CAPB, no further reduction was observed for CTMA. In a separate test 
where B. subtilis spores were exposed to 50 µM CAPB for 7 h or to 20 µM 
CTMA for 3 h, Young’s modulus values were eventually reduced to the 
same level (~5 MPa) for both CAPB and CTMA (Figure S17).

Considering the structure of B. subtilis spores (Figure S1), the 
decrease in Young’s modulus, or compressive stiffness, suggests a less 
rigid spore coat. Since the coat serves as the first barrier against chem
ical disinfection, changes in the coat layer could be linked to the re
ductions in lag-phases observed in inactivation curves. Indeed, the 
changes in lag-phases (Fig. 3b) and Young’s modulus (Figures 5 and 
S17) for surfactant exposures follow the same trend for the two surfac
tants. For both parameters, the lag-phases and Young’s modulus, CTMA 
induced more rapid changes than CAPB, but ultimately, CTMA and 
CAPB were equally effective. These observations strongly suggest that 
surfactants could alter the coat of the spores during pre-exposure, 
thereby, reducing lag-phases in post-chlorination.

3.3. Integrity of the inner membrane of B. subtilis spores for chlorination 
or treatment with CTMA

The underlying layers of the coat of spores are largely permeable 
except the inner membrane which plays an important role in protecting 
essential genetic material stored in the core (Figure S1) (Setlow 2014). 
The integrity of the inner membrane can be assessed by detecting the 
release of DPA which is present in the core and makes up 5–10 % of the 

dry weight of bacterial spores (Setlow 1995). To better understand 
disinfection mechanisms, the required chlorine exposures were 
compared for the inactivation of spores for loss of viability and for 
damaging the inner membrane (Fig. 6a). As expected, higher chlorine 
exposures were necessary to damage the inner membrane and release 
DPA compared with their inactivation with loss of viability. For chlo
rination, 90 % of the spores lost viability for a chlorine exposure of 80 
mg⋅L− 1⋅min (black squares). In contrast, only 30 % of the spores lost the 
integrity of the inner membrane for a chlorine exposure of ~13,000 
mg⋅L− 1⋅min (Fig. 6a, blue triangles). A post-heating applied to 
chlorine-treated spores at a sub-lethal temperature (70 C̊) after 
quenching the residual chlorine could promote the release of DPA 
(Figure S8). However, despite post-heating at a chlorine exposure of 80 
mg⋅L− 1⋅min, only ~14 % of the spores lost the integrity of the inner 
membrane compared to 90 % loss of viability (Fig. 6a). Therefore, 
chlorine can inactivate B. subtilis spores with limited effects on the inner 
membrane. This has also been observed for inactivation of bacterial cells 
with several disinfectants (e.g. ozone, chlorine, chlorine dioxide) for 
which inactivation occurred before membrane damage (Ramseier et al. 
2011). Furthermore, after chlorination the inner membrane became 
more vulnerable when the temperature was increased. This shows that 
chlorine modifies the inner membrane, however, does not fully destroy 
it.

CTMA is also a sporicide and the exposures needed to inactivate the 
spores and to damage the inner membrane were also assessed (Fig. 6b). 
With a CTMA exposure of ~8500 mg⋅L− 1⋅min, the inactivation effi
ciency was 99 %, while 22 % of the inner membranes were damaged for 
these conditions. In general, CTMA could damage the inner membrane 
of B. subtilis spores suggesting different mechanisms than for CAPB or 

Fig. 4. Atomic Force Microscopy (AFM) height images tracing the morphological changes of individual B. subtilis spores for blanks (water, 0 h), pre-treatment with 
CAPB (50 µM, 1–3 h) in 10 mM PB (pH 7) for 3 h, and post-chlorination (0.1 mM, 4–5 h) for 2 h. The spores labeled with numbers were traced to calculate the 
evolution of dimensions (length, width, and height), surface roughness, and compressive stiffness.
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chlorine. In addition, different from the inactivation with chlorine 
(Figure S18), there was no lag-phase during the inactivation of B. subtilis 
spores with CTMA (Figure S19). In contrast, when plotting log- 
inactivation as a function of the CTMA exposure, inactivation kinetics 
were faster at the beginning and decreased gradually (Figure S19). The 
inactivation kinetics of B. subtilis spores by CTMA were further investi
gated by varying the CTMA concentrations (0–100 µM). The kinetics in 
both viability (Figure S20) and membrane integrity tests (Figure S21) 
increased with increasing CTMA concentrations reaching a plateau at 
about 10 µM CTMA. Higher concentrations of CTMA were not beneficial 
in increasing the inactivation kinetics suggesting that the interaction 
between CTMA and the spores was dominated by surface interactions 
with a saturation effect beyond which no further enhancement was 
possible.

Unlike CTMA, CAPB alone was not capable of inactivating B. subtilis 
spores (Figure S10) or damaging the inner membrane (Figure S22) 
under the tested conditions. In sequential treatment with surfactants 
followed by chlorination, CTMA, in contrast to CAPB, can partially 
damage the inner membrane during pre-exposure. This allows chlorine 
to access the essential genetic materials and proteins stored inside the 

inner membrane. The different capabilities in penetrating the spores’ 
inner structures could potentially explain the differences between CTMA 
and CAPB in enhancing the inactivation rate constants during post- 
chlorination (Fig. 3a). Overall, CTMA-exposure damaged more layers 
than CAPB-exposure for chlorine to access.

The combined effects of chlorine and CTMA were also investigated 
with inner membrane integrity tests. Different from viability tests, a 
synergistic effect was observed when applying CTMA and chlorine 
simultaneously instead of sequentially. As shown in Fig. 7, applying 0.5 
mM chlorine and 20 µM CTMA simultaneously (black squares) yielded 
more efficient lysis of the inner membrane compared to the summation 
(purple diamonds) of the treatments by 0.5 mM chlorine (red circles) 
and 20 µM CTMA (blue triangles) alone. Two other CTMA concentra
tions (10 and 50 µM) were tested in the same manner, and the same 
enhanced lysis of the inner membrane was observed under simultaneous 
applications (Figure S23). In these experiments, a high concentration 
(0.5 mM) of chlorine was applied to achieve an apparent membrane lysis 
under chlorination. In contrast to CTMA, no synergistic effect was 
observed for a concurrent presence of chlorine and CAPB, and even a 
reduction of the DPA release rate was observed without post-heating of 

Fig. 5. Changes of Young’s modulus as a function of time when tracing the same groups of B. subtilis spores for various treatments at pH 7.0: blank in water (0 h, 
yellow); pre-treatment (1–3 h green) with (a) 10 mM PB, (b) 50 µM CAPB in 10 mM PB, or (c) 50 µM CTMA in 10 mM PB for 3 h; and post-chlorination (4–5 h, red) 
with 0.1 mM chlorine for 2 h. Open squares represent mean values.
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samples (Figure S24) which needs to be further explored. When applying 
surfactants and chlorine sequentially, instead of a synergistic effect, a 
slight reduction in the opening of the inner membrane was observed 
when the spores were pre-exposed to either CAPB or CTMA in com
parison with the PB control (Figure S25). A possible explanation could 
be that during pre-exposure with surfactants, particularly CTMA, 
chlorine-reactive constituents were released from the inner core, 
thereby making post-chlorination less effective. However, this 

hypothesis needs to be further investigated.

3.4. Practical implications

Wastewater effluent treated with biological treatment still contains 
hundreds of µg/L of surfactants from soap (Matthijs et al. 1999). In 
systems with recycled handwashing water (Hands4health 2022), sur
factant concentration can be much higher. The presence of these sur
factants can enhance the inactivation efficiency of pathogenic bacteria 
and bacterial spores during chemical disinfection of municipal waste
water and reused handwashing water. Since the synergistic effects be
tween surfactants and chlorine are suggested to occur due to the 
increased permeability of the cell membranes to chlorine, this 
enhancement may also apply to other oxidants that inactive bacteria and 
bacterial spores after penetrating the cell membranes, such as chlorine 
dioxide, chloramine, and peracetic acid (Ramseier et al. 2011, Zhang 
et al. 2020). In the case of ozone, despite ozone being more reactive than 
other oxidants, synergistic enhancement of E. coli inactivation was also 
observed when CTMA and ozone were applied simultaneously or 
sequentially with E. coli cultured in CTMA-containing broth before 
ozonation (Voumard et al. 2022).

Bacterial spores can withstand common disinfection procedures, 
making them a significant threat when surfaces or areas are contami
nated (Barbut and Petit 2001, Whitney et al. 2003). For instance, com
mercial detergent wipes have shown varied efficacy in removing 
bacterial spores from clinical surfaces; in many cases, they only trans
ferred spores from one surface to another (Boyce 2021, Siani et al. 
2011). Based on the current study, combining different disinfectants, 
such as CTMA and chlorine, and strategically applying various surfac
tants and disinfectants in sequence, may offer feasible solutions to 
control the risks posed by bacterial spores in e.g., the food industry and 
clinical settings.

4. Conclusions

The combined effects of the surfactants, CAPB or CTMA and chlorine 
have been investigated for the inactivation of B. subtilis spores. The main 
outcomes of this study are: 

Fig. 6. Relative viability and inner membrane integrity of B. subtilis spores as a function of (a) chlorine and (b) CTMA exposure. In inner membrane integrity tests, 
the number of intact cells was calculated based on the detected concentration of DPA (see Figure S7 for more details). Post-heating was conducted at 70 ̊C for 30 min 
(Fig. 6a). Duplicate experiments were plotted separately. In (b), the right Y-axis (blue, linear scale) refers to the inner membrane integrity. [B. subtilis spores]0 ≈ 5.5 ×
105 CFU/mL, [chlorine]0 = 7.1 mg/L (viability and inner membrane integrity with post-heating) or 35.5 mg/L (membrane integrity w/o post-heating), [CTMA]0 =

2.8 mg/L (10 µM). 20 mM PB for the viability test in (a), 1 mM PB for the membrane integrity tests in (a) and all the tests in (b), pH 7.0.

Fig. 7. Relative inner membrane integrity of B. subtilis spores as a function of 
time during exposure to chlorine, CTMA, or a combination of chlorine and 
CTMA. The number of intact cells was calculated based on the detected con
centration of DPA (see Figure S7 for more details). Post-heating was not 
applied. [B. subtilis spores]0 ≈ 5.5 × 105 CFU/mL, 1 mM PB, pH 7.0.
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• During inactivation of B. subtilis spores, synergistic effects for sur
factants and chlorine have been observed with shorter lag-phases 
and/or increasing the second-order inactivation rate constants.

• Compared to chlorine disinfection, a simultaneous application of 
surfactants and chlorine only resulted in a moderate reduction in the 
lag-phases for inactivation of spores, and a small increase in the 
second-order inactivation rate constants was observed.

• Synergistic effects were observed when the spores were pre-exposed 
to either CAPB or CTMA, with about 50 % decrease in the lag-phases 
for both CAPB and CTMA and a > 2-fold increase in the second-order 
inactivation rate constant for CTMA, compared to the PB control 
group.

• Changes in the mechanical properties of the spores from blank ex
periments to pre-exposure to surfactants followed by post- 
chlorination were measured by atomic force microscopy. A signifi
cant decrease in compressive stiffness (calculated by the parameter 
Young’s modulus) after pre-exposure to CAPB or CTMA indicates 
that the surfactants can alter the coat of the spores which is a primary 
barrier for chemical disinfectants. The changes in the coat could be 
linked to the reductions of inactivation lag-phases.

• CTMA inactivates B. subtilis spores through mechanisms different 
from chlorine. Chlorine primarily inactivates B. subtilis spores before 
damaging the inner membrane, whereas CTMA damages the inner 
membrane partially for exposures necessary for inactivation. A syn
ergistic effect in damaging the integrity of the inner membrane was 
observed when applying CTMA and chlorine simultaneously instead 
of sequentially. For instance, the simultaneous application of CTMA 
and chlorine damaged > 90 % of the inner membranes of the spores 
in 8 h, while the summation of CTMA alone and chlorine alone 
damaged about 50 % of the inner membranes only.
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