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Abstract

Surfactants not only are widely used in biotechnological processes but also constitute significant contaminants of the modern
world. Among many reports, there is a shortage of works which summarize the issue of surfactant sorption to biomass in a way
that would elucidate the biological factors for analysts and analytical factors for microbiologists. The main factor, which is not as
obvious as one would expect, is associated with the susceptibility of analytical approaches to errors resulting from incorrect
handling of biomass. In case of several publications reviewed in the framework of this study, it was not possible to establish
whether the decrease of the analytical signal observed by the authors actually resulted from biodegradation of the surfactant. This
review emphasizes the necessity to consider the possibility of surfactant sorption to microbial cells, which may result in
significant detection errors as well as conceptual inconsistency. In addition, a reference study regarding representative surfactants
(cationic, anionic and non-ionic) as well as yeast, Gram-negative, Gram-positive bacteria, and activated sludge was provided to
highlight the possible errors which may arise from disregarding sorption processes when determining degradation of surfactants.
This particularly applies to systems which include ionic surfactants and activated sludge as sorption may account for 90% of the
observed depletion of the surfactant. Therefore, a systematic approach was proposed in order to improve the credibility of the
obtained results. Finally, the need to employ additional procedures was highlighted which may be required in order to verify that
the decrease of surfactant concentration results from biodegradation processes.

Keywords Activated sludge - Bacillus cereus - Biodegradation - Pseudomonas putida - Saccharomyces cerevisiae - Sorption -
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Introduction
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in everyday applications. They are present in common cleaning

agents, fabric softeners, domestic detergents, and hygienic prod-
ucts such as shampoos, shower gels, and toothpastes
(Blagojevi¢ et al. 2016; Kurrey et al. 2019). Furthermore, they
are commonly utilized as emulsifiers, dispersants, wetting, and
foaming agents in several branches of the industry (e.g., in the
cosmetic, pharmaceutical, agricultural, food, textile, polymer,
and paint sectors) (Traverso-Soto et al. 2016; Palmer and
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more expensive and, therefore, constitute a smaller share of the
market. In the last decades, surfactants of biological origin,
biosurfactants, have gained increasing interest, due to their en-
vironmental friendliness (Chrzanowski et al. 2012a; L.awniczak
et al. 2013). However, their physicochemical behavior is similar
to their synthetic counterparts (Chrzanowski et al. 2012b;
Owsianiak et al. 2009a, b).

As a consequence, surfactants are the major constituents of
both municipal (Aloui et al. 2009) and industrial wastewater
(Lawniczak and Marecik 2019). In addition, they are inten-
tionally introduced into the environment in high amounts for
the remediation of oil spills (Peziak et al. 2013; Szulc et al.
2014; Trellu et al. 2016; Lamichhane et al. 2017; Ren et al.
2018)—for example, approximately 7 million liters of
Corexit® were applied after the Deepwater Horizon oil spill
in 2010 (Rahsepar et al. 2016; McFarlin et al. 2018).

Due to their common discharge into the environment, surfac-
tants are among the most important environmental pollutants
(Wyrwas et al. 2013; Menzies et al. 2017). They often exhibit
potent biological activity, i.e., interaction with cellular mem-
branes and disruption of important biochemical processes, and
may therefore negatively affect living organisms (especially in
case of marine environments) (Wyrwas et al. 2011; Rebello et al.
2014; Pereira et al. 2015). As a result, it is imperative to monitor
the concentration of surfactants and to keep the amount of sur-
factants remaining in the environment at minimum by develop-
ing efficient methods of their (biological) elimination (Garcia
et al. 2016; Sakai et al. 2017; Atashgahi et al. 2018) and replac-
ing more persistent surfactants by biodegradable alternatives
(Chrzanowski et al. 2009, 2011). The importance of these tasks
is highlighted by several comprehensive reviews regarding the
fate of surfactants in the environment (Mungray and Kumar
2009; Konnecker et al. 2011; Cowan-Ellsberry et al. 2014;
Jackson et al. 2016). The relevance of this topic is confirmed
by the fact that numerous scientific reports focused on the

Fig. 1 Conceptual summary of
considerations and possible
consequences which should be
considered in surfactant
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biodegradation of surfactants were published to date (Kara
Murdoch et al. 2018; Fedeila et al. 2018; Barra Caracciolo
et al. 2019; Nguyen and Oh 2019).

However, it should be noted that the protocols used for
assessment of surfactant biodegradability differ notably in
terms of the quality of obtained results (Fig. 1). Numerous
approaches regarding the determination of surfactants are
based solely on the decrease of the analytical signal attributed
to the concentration of the studied compound (Zembrzuska
et al. 2016). While such methods allow for a relatively rapid
and simple measurement, the factual value of the produced
data may be limited. In these approaches, several crucial con-
siderations, such as the possible biotransformation of the ini-
tial surfactant structure into a stable and potentially more toxic
metabolite, are not always taken into account. Incomplete bio-
degradation often results in the formation of more toxic me-
tabolites, which are by far more hazardous than the parent
compound, or derivatives with relatively stable structure,
which may accumulate in the environment. Both cases result
in major environmental risks despite the fact that the biodeg-
radation assay may suggest complete removal of the initial
structure. The lack of biomass growth monitoring methods
leads to false assumptions, especially in case of systems with
multiple carbons sources. Furthermore, surfactants often ex-
hibit a notable tendency for sorption (He et al. 2015).
Although this issue is usually addressed in case of environ-
mental matrices, particularly in case of sediment or soil sam-
ples (Corada-Fernandez et al. 2018), the fact that sorption of
surfactants to biomass may also occur is often overlooked.
This corresponds well with the case of mycotoxins, which
often exhibit a tendency to bind to the cell pellet, especially
in case of lactic acid bacteria. Haskard et al. (2001) observed
the extracellular binding of aflatoxin-B1 to the surface of
Lactobacillus rhamnosus and established that this process is
based on weak non-covalent interactions. Furthermore, El-
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Nezami et al. (2002) reported that approx. 55% of zearalenone
was instantly bound to the cells of Lactobacillus strains and
indicated that the binding efficiency is directly influenced by
the bacterial concentration. The studies imply that binding of
toxins on the surface of cells may often be their major removal
mechanism. While this phenomenon is positive in terms of
reducing the impact of mycotoxins on human health, it is a
major disadvantage in terms of analytical procedures. It
should also be emphasized that binding may also occur in case
of dead biomass, which makes the quantification of biodegra-
dation processes even more challenging. This may contribute
to significant consequences, which include notable errors in
terms of actual quantification of surfactants, misinterpretation
of data regarding their actual environmental impact, and, in
consequence, to inconsistency in the current state of the art.

In the framework of this study, recent reports focusing on
surfactant biodegradation were reviewed in terms of variety of
the employed analytical approaches and the consistency of ob-
tained data with the established conclusions. Furthermore, the
importance of surfactant sorption to biomass is highlighted on
the basis of original research results. The aim of this review is to
(1) identify the limitations of different methods used for the
determination of surfactant biodegradation, to (ii) discuss the
issues which may be a common source of scientific bias, and
to (iii) elucidate adequate guidelines for future experiments used
for the assessment of the environmental fate of surfactants.

Consideration 1: possible biodegradation
scenarios

In order to properly evaluate the biodegradability of surfactants,
it is necessary to understand the nature of biodegradation

Fig. 2 General overview of the
tests systems employed for
assessment of primary and
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processes. As a general concept, “biodegradation” is the trans-
formation of a given compound into a product characterized by
a less complex chemical structure carried out by biological fac-
tors, mainly microorganisms (Neilson and Allard 2008). This
definition can be further narrowed in order to distinguish two
following terms: primary biodegradation, which corresponds to
the dissipation of the parent compound, and ultimate biodegra-
dation, which is associated with the complete mineralization of a
given compound resulting in the formation of CO,, H,O, ener-
gy, and biomass. A conceptual scheme regarding the test sys-
tems which are used to investigate primary and ultimate biodeg-
radation is presented in Fig. 2.

Test systems focused of the determination of primary bio-
degradation efficiency rely on the detection of the analytical
signal attributed to the primary compound (in this case, the
initial structure of the surfactant). The efficiency of primary
biodegradation is calculated based on the decrease of this an-
alytical signal. Detection is frequently carried out using a
spectrophotometric approach; however, in cases when the sur-
factant occurs in the form of a mixture of homologues (e.g.,
Triton X-100) or when the analyte is present in a complex
environmental matrix (e.g., soil), chromatographic methods
are typically employed (usually HPLC, GC is also used al-
though less frequently). The analytical procedures often re-
quire additional steps, e.g., derivatization.

Systems dedicated to the analysis of ultimate biodegradation
investigate the efficiency of conversion of the primary com-
pound to the most basic final metabolite—carbon dioxide.
Assuming that microbial activity is not completely inhibited
by the analyzed surfactant, the amount of evolved CO, constant-
ly increases during the study period and the efficiency of the
process is calculated based on its final amount. The analytical
procedure requires gas-tight conditions, and the determination is

PRIMARY BIODEGRADATION

Biodegradation efficiency is determined based on the analytical signal
which correspondsto primary compound.

The analytical signal is determined using e.g. spectrophotometric
or chromatographic methods.

During the test, the signal usually decreases due to the progressive
dissipation ofthe primary compound by microorganisms.

Biodegradation efficiency is determined based on the amount of carbon
dioxide (CO;) evolved during the study.

The amount of CO; is determined using e.g. flow systems with IR
detection or entrapment in NaOH.

During the test, the amount of CO. usually increases due to the
progressive dissipation of the primary compound and its metabolites by
microorganisms.
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carried out by allowing direct transfer of the analyte to the de-
tector (flow systems) or its entrapment in NaOH and the use of,
e.g., calibrated pressure-sensitive sensors.

It should be emphasized that while both terms refer to pro-
cesses of biological decomposition, their respective informa-
tional value is fundamentally different in terms of the possible
fate of surfactants in the environment.

Primary biodegradation or biotransformation is, at best, an
estimation of the susceptibility of a selected chemical com-
pound to undergo a structural transformation due to the enzy-
matic activity of microorganisms (Sydow et al. 2015).
Without supplementary assays (e.g., determination of possible
metabolites), it does not provide any relevant data regarding
the actual environmental impact of such a transformation (e.g.,
the stability and toxicity of the formed product). These limi-
tations are often ignored during the interpretation of data,
which leads to overestimation of biodegradation and false
conclusions.

In this regard, the assessment of ultimate biodegradation or
biomineralization is a more credible source of data for analysis
of environmental impact, as it assumes a complete removal of
both the initial compound and all subsequent metabolites
(OECD, 301 1992). Furthermore, the measurement of carbon
dioxide evolution directly reflects the activity of microorgan-
isms and may hence indicate the occurrence of any toxic ef-
fects. While experimental setups based on ultimate biodegra-
dation require adequate preparation to warrant acceptable ac-
curacy of data, they contribute to a more comprehensive elu-
cidation of environmental hazards.

The common mental shortcut, associated with the use of
the general term “biodegradation” as an abbreviation which
actually refers to experiments focused on primary biodegrada-
tion, is the main source of conceptual bias in numerous scien-
tific reports.

Consideration 2: depletion of surfactants not
associated with biodegradation

Due to the common prevalence of surfactants in the environ-
ment, ease of use and low analysis time have become impor-
tant traits of methods used for their monitoring (Shaharom
et al. 2018). As a result, procedures which allow for accurate
and rapid measurement of surfactant concentrations have
attracted much popularity. Nevertheless, it should be noted
that excessive simplification of analysis protocols may also
contribute to a flawed interpretation. Numerous methods used
for detection and quantification of surfactants (e.g., with the
use of chromatography or spectrophotometry) rely on the dif-
ferentiation between the analytical signals measured for initial
and final samples in order to evaluate the depletion of surfac-
tants. Therefore, the second major conceptual pitfall is asso-
ciated with the fact that the determined decrease of surfactant
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content in a system comprising microorganisms is often un-
conditionally attributed to its biodegradation.

In order to properly identify the cause for the observed
surfactant depletion, the entire analytical protocol has to be
taken into consideration (Fig. 1). It has to be emphasized that,
due to their amphiphilic structure, surfactants exhibit a strong
tendency to adsorb to virtually any given surface (Langevin
2014). While in most cases desorption processes allow for
satisfactory recovery of surfactants into the bulk phase, the
potential of an irreversible loss of a fraction of surfactants
should always be considered. This possibility is of particular
importance in the case of relatively simple experimental de-
signs (e.g., flasks studies), which only measure the reduction
of the native compound but do not account for individual
mechanisms that are able to reduce the effective concentration
of surfactants in the test setup. A momentary depletion may be
caused by the sorption of surfactants to the walls of the vessel
used for experiments, regardless of the material (glass, steel,
ceramics) (Timmer and Droge 2017). Surfactants may also be
strongly bound to the interface of a liquid-liquid system
(Langevin 2014), which also leads to the decrease of their
content during extraction steps. The obvious loss of the ana-
lyte resulting from any employed filtration steps should also
be accounted for in the final calculations. However, interac-
tions between surfactants and microbial cells are perhaps the
most often disregarded reason for analytical bias in biodegra-
dation studies.

Consideration 3: sorption to biomass

The fact that surfactants do affect cellular membranes is well
known and commonly accepted. Several comprehensive re-
ports confirmed that surfactant-mediated destabilization and
subsequent disruption of cell membranes due to the formation
of mixed surfactant-phospholipid micelles is one of the major
mechanisms associated with the toxicity of surfactants
(Carmona-Ribeiro and de Melo Carrasco 2013; Borkowski
etal. 2016; Liu et al. 2016). Taking into account that incorpo-
ration of surfactants into the phospholipid bilayer cannot be
considered a scientific novelty to date, it is surprising that this
phenomenon is often neglected in case of biodegradation
trials.

The majority of analytical procedures require the separa-
tion of cells from the medium (e.g., by centrifugation), and
subsequent determination procedures are usually focused
solely on the supernatant. Questions addressing how much
of the original surfactant content is lost due to sorption on
the biomass pellet and whether this amount is of any relevance
or if it may be safely neglected often remain unanswered. In
order to underline the importance of this issue, results of an
original study focusing on the sorption of surfactants onto
biomass are presented below (Fig. 3).
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The objective of this investigation was to determine surfac-
tant sorption (constant concentration of 10 mg/L) to different
types of biomass considering the following main groups of
microorganisms: Bacillus cereus (Gram-positive bacteria),
Pseudomonas putida (Gram-negative bacteria),
Saccharomyces cerevisiae (yeast), and activated sludge (most
commonly tested complex mixed culture). The relevant values
of biomass (g/L) corresponding to OD values presented for
each studied microbial system in Fig. 3 are given in Table S1
in the Online Resource. Furthermore, calibration curves for
the analytical procedures were presented in Figures S1-S3,
whereas the reagents used for the experiments and calcula-
tions of LOD, LOQ, and RSD were presented in Tables S2—
S9 in the Online Resource. The decrease of the analytical
signal associated with the surfactant content was measured
1 min after contact of the biomass and the surfactant (Fig.
2). Analysis of the obtained results revealed three important
implications. Firstly, sorption of surfactants depends on their
type, i.e., the chemical structure. The following order which
describes the susceptibility of surfactants to sorption on bio-
mass may be established: cationic surfactants > anionic

surfactants >> non-ionic surfactants. Sorption of cationic sur-
factants reached the highest values at the lowest correspond-
ing OD (or g/L in case of activated sludge), regardless of the
tested systems. Anionic surfactants exhibited a moderate ten-
dency for sorption on biomass, whereas sorption of non-ionic
surfactants was marginal for the majority of the studied bio-
mass types (Fig. 3).

Secondly, the extent of surfactant sorption differed with
regard to the type of microorganisms used in the study. For
example, at the lowest biomass concentration (OD = 0.1 or
0.05 g/L in case of activated sludge), the content of cationic
surfactants was reduced by 80-90% in systems comprising
P putida and activated sludge biomass, whereas in case of
B. cereus and yeast cells, the reduction amounted to 30—
40%. 1t should also be emphasized that notable sorption of
non-ionic surfactants was observed only in case of activated
sludge biomass (15-90% depending on the OD value).

Finally, the sorption of surfactants increased with the in-
crease of the amount of biomass in the system. This effect was
most apparent for anionic surfactants, as a gradual intensifica-
tion of sorption was established for all studied systems

Fig. 3 Sorption of surfactants a b
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. . o
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(usually from approx. 10% to values > 70%). Even after the
first increase of biomass concentration, the sorption was in-
creased by a factor of two to five, depending on the type of
biomass used for the experiment.

The notably higher affinity of cationic surfactants towards
biomass may be explained by the structure of the cell enve-
lope. The surfaces of microbial cells are characterized by an
overall negative charge, due to the presence of teichoic acids
in cell walls of Gram-positive bacteria, lipopolysaccharides in
cell walls of Gram-negative bacteria (Van Loosdrecht et al.
1987; Magnusson and Johansson 1977), and phosphate
groups in cell walls of yeast (Wilcocks and Smart 1995),
which facilitate the transport of cationic surfactants from the
bulk phase into the direct vicinity of the cells via electrostatic
attraction (Garcia et al. 2006). At this point, interactions of
specific surfactant types with the phospholipid bilayer, which
correspond to the initial stages of membrane solubilization
mechanism, become the predominant factor (Otzen 2017).
The surfactant monomer penetrates through the extracellular
compounds and inserts into the bilayer (Jones 1999). Since
both cationic and anionic surfactants are usually characterized
by a strictly defined amphiphilic structure (the charged hydro-
philic “head” may be easily distinguished from the hydropho-
bic “tail”), which closely resembles that of a phospholipid
unit, they may be preferentially incorporated into the lipid
section of the bilayer (Markiewicz et al. 2015), which corre-
sponds well with their high sorption. In contrast, the structure
of non-ionic surfactants deviates from the classic head-tail
approach, which may render their embedding into the mem-
brane hindered. Additionally, there are reports regarding
membrane domains based on sphingolipids and cholesterol,
which limit the membrane solubility processes by Triton X-
100 (Koynova and Tenchov 2001). This may also explain the
low sorption of the non-ionic surfactants to the biomass of
studied monocultures. The fact that highest sorption was ob-
served in case of experiments involving activated sludge bio-
mass may be attributed to the formation of flocs (Baena-
Nogueras et al. 2013). This peculiar matrix, which consists
of cells incorporated in extracellular polymeric substances
(EPS), is characterized by a notably higher surface area
compared to traditional biofilms or planktonic cells.
Furthermore, the presence of EPS may contribute to addi-
tional interactions, which would explain the higher sorp-
tion of non-ionic surfactants. Consequently, increased
amount of biomass corresponds to enhanced sorption of
the surfactants.

Recommendations for accurate
biodegradation assessment

The previously described phenomena may directly result in
the overestimation of surfactant biodegradation efficiency.

@ Springer

The overview of analytical protocols used for the determina-
tion of surfactant biodegradability in recently published scien-
tific reports (presented in Table 1) revealed that in numerous
cases, it is impossible to clearly distinguish whether the reduc-
tion of surfactant concentration occurred due to biodegrada-
tion or sorption. This particularly applies to studies in which
the quantification of the surfactant content was based solely
on the decrease of the analytical signal of the native com-
pound. It should also be emphasized that the majority of the
reviewed studies was carried out with the use of activated
sludge, which exhibited the highest sorption capacity of sur-
factants in our study. Based on the investigated reports, the
following guidance was formulated which will allow to obtain
accurate and reliable biodegradation results (Fig. 4).

Figure 5 presents recommended approaches for evaluating
the biodegradation of surfactants divided into four tiers with a
gradually increasing informational value regarding the envi-
ronmental impact and reduced chances of bias. The bottom of
tier 1 (primary biodegradation) is practically limited to the
estimation of residual concentrations of the primary com-
pound. When studies regarding sorption are included, the in-
formational value of the approach is increased to the level of
the bottom of tier 2 (ultimate biodegradation). At this level, it
is possible to evaluate the amount of primary compound
which was biodegraded and the residues with relatively high
accuracy. To further elucidate the fate of the biodegraded sur-
factant, it is necessary to include an analysis of the metabolites
formed during the process and to identify any stable and per-
sistent structures. This step allows to reach the bottom of tier 3
(total mass balance). At this point, the studies should allow to
establish the residual concentration of the surfactant, the de-
crease of surfactant content due to sorption (both abiotic and
biotic), formation of stable metabolites due to transformation
of'initial surfactant structure, and dissipation of the surfactant.
The “missing piece of the puzzle” is associated with the
amount of surfactant which was used by the microorganisms
as a source of carbon for anabolic processes. In consequence,
it is advised to additionally monitor the biomass in order to
ensure that decrease of the surfactant content correlates with
cellular growth. This results in a highly accurate and credible
evaluation, which is roughly at a similar level to tier 4—total
mass balance using isotope-labelled compounds.

To summarize, in cases when studies are focused exclu-
sively on primary biodegradation of surfactants, the imple-
mentation of surfactant sorption into the analytical protocol
is a basic requirement which is necessary to exclude potential
inconsistency of results. Moreover, in order to properly ad-
dress the actual environmental impact of the tested com-
pounds, such studies should include additional analyses, such
as determination of potential metabolites (which especially
applies to commonly used and commercially available surfac-
tants) and evaluation of microbial growth (which indicates
that the decrease of surfactant content may be attributed to
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Fig. 4 Sorption of surfactants (square—uo — cationic, diamond—< -
anionic, circle—o — non-ionic; initial concentration of 10 mg/Ll) after
short- term exposure (< 1 min) to activated sludge biomass at different
concentrations (expressed as g of dry matter per literlitre, ranging from
0.05 to 6).

Decrease of surfactant concentration [%)

2 3 < S
Biomass concentration[g/1d.m.]

he activity of microorganisms and allows to monitor potential
toxic effects). Methods based on isotope-labelled compounds
are characterized by the highest compliance with this ap-
proach as they also indicate the amount of studied compound
which is incorporated into the biomass; however, their use is
not always feasible due to high costs and the necessity to
employ dedicated analytical apparatuses. Mass balance based
on non-labelled compounds may also be carried out, assuming
that the recovery of surfactants, determination of metabolites,
and evaluation of carbon dioxide are included in the analytical
protocol.

In conclusion, based on the list of reviewed publications as
well as numerous earlier reports, it is evident that analytical
approaches focused on the determination of surfactant

biodegradation vary in terms of numerous practical aspects
(ease of use, duration, selectivity, limits of detection and quan-
tification, etc.). A major difference, which is not as obvious as
can be expected, is associated with the susceptibility of such
approaches to errors resulting from improper handling of bio-
mass. In case of several publications reviewed in the frame-
work of this study, it was not possible to establish whether the
decrease of the analytical signal observed by the authors ac-
tually resulted from biodegradation of the surfactant. Without
a comprehensive preparation of the experimental system,
which includes the indication of possible sources of errors
and development of appropriate counter-measures, the accu-
racy of the obtained results may be questionable.

We emphasize the necessity to consider the possibility of
surfactant sorption onto microbial cells, which may result in
significant detection errors as well as conceptual inconsisten-
cy. This particularly applies to systems which include ionic
surfactants and activated sludge as sorption may account for
90% of the observed depletion of the surfactant.
Coincidentally, such systems are most commonly applied in
degradation studies, which further highlight the importance of
this issue.

We propose a systematic approach in order to improve the
credibility of the obtained results and limit the uncertainty
which may result from sorption. Depending on the employed
experimental setup, additional procedures such as determina-
tion of sorption to various elements of the test system, analysis
of metabolites formed after the decomposition of the primary
compound, and control of biomass growth may be required in
order to verify that the decrease of surfactant concentration
results from biodegradation processes.
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