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Sorption of the fluoroquinolone antibiotic ofloxacin by aquatic
sediments: influence of biofilm development at the sediment-water
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Abstract
Purpose Sorption to sediments and biofilms is thought to be a crucial mechanism controlling the fate and transport of emerging
contaminants. Biofilm growth changes the properties of the sediments, which may further influence the sorption mechanism of
emerging contaminants to sediments. This study is focused on the effects of biofilms on the linear and nonlinear sorption of
fluoroquinolone antibiotic ofloxacin (OFL) by sediments.
Materials and methods The top 5 cm of sediments and the overlying water containing natural microorganisms were collected
from a shallow lake in summer. They were cultivated in the laboratory for the development of biofilms on the surface of
sediments. Batch sorption experiments of OFL by original sediments and biofilm-coated sediments were conducted, and infrared
spectrometry was used to obtain the main functional groups involved in sorption. Extracellular polymeric substances (EPS) were
extracted from biofilms to investigate their interaction with OFL through three-dimensional excitation-emission matrix fluores-
cence spectroscopy and UV-Vis spectroscopies.
Results and discussion The results showed that linear partition and nonlinear adsorption were simultaneously involved in the
sorption process. The linear partition coefficients of OFL in sediments decreased by 50% and 60%, whereas the nonlinear
adsorption capacities increased by 1.7 and 2.0 times after the biofilms colonized the sediment surface for 30 and 45 days,
respectively. The decreased linear partition coefficients of OFL were related to the barrier created by biofilm coatings affecting
hydrophobic interaction, whereas the increased nonlinear adsorption capacities were due to the increase in cation exchange
capacities and the formation of hydrogen bonds between fluorine atoms in OFL and –OH groups in sediment. In addition, OFL
and protein-like substances contained in EPS from biofilms could form complexes that affect the sorption processes.
Conclusions The present study reveals that biofilms can inhibit hydrophobic interaction but facilitate cation exchange and
hydrogen binding between OFL and sediments. Our work yields new insights into the interaction of aquatic solid sorbents,
which is significant to understanding the transport and fate of organic contaminants in natural waters.
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1 Introduction

Fluoroquinolone antibiotics have been widely used in the pre-
vention and treatment of human and veterinary infectious dis-
eases (Hu et al. 2018b). In aquatic environments, these anti-
biotics are usually derived from hospital and domestic waste-
water (Wang et al. 2017b), livestock excrement (Chen et al.
2016), and effluents from sewage treatment plants (Hu et al.
2018a). The occurrence of fluoroquinolone antibiotics in nat-
ural waters at concentrations of ng L−1 or μg L−1 has been
widely reported (Gothwal and Thatikonda 2017; Kafaei et al.
2018; Prutthiwanasan and Suntornsuk 2018). The residues of
these antibiotics in the aquatic environment can produce long-
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term antibiotic resistance and many harmful effects in organ-
isms and humans, which have drawn attention worldwide
(Dhawde et al. 2018; Shen et al. 2018; Danner et al. 2019;
Jurado et al. 2019). Therefore, investigations into the fate of
fluoroquinolone antibiotics in the aquatic environment are
required.

Fluoroquinolone antibiotics are resistant to hydrolysis and
volatilization because of the quinolone ring stability and its
ultralow Henry’s law constants (Babic et al. 2013; Dorival-
Garcia et al. 2013). After the antibiotics are discharged into
aquatic environments, they will undergo sorption,
photodegradation, and biodegradation. Sorption to sediments
is an important process for controlling the antibiotics’ envi-
ronmental behaviors (Zhang and Dong 2008; Riaz et al.
2018). Fluoroquinolone antibiotics can be sorbed by sedi-
ments and soils through hydrophobic interaction and cation
exchange (Tolls 2001; Li et al. 2018). In addition, the chem-
ical substances in sediments may react with the functional
groups in fluoroquinolone antibiotics through hydrogen bond-
ing and inner-sphere surface complexation or formation of an
inner-sphere complex with iron and aluminum oxides via the
carboxylic group (Li et al. 2017; Liao et al. 2018). Therefore,
the sorption of fluoroquinolone antibiotics onto sediments is
related to the physicochemical properties of sediments.

Natural sediment surface has an extremely complex mor-
phology and can adsorb various nutrients, which predisposes
it to microbial colonization (Kraemer et al. 2013). It has been
shown that exposed sediments in an aquatic environment can
be rapidly colonized by microorganisms (Fang et al. 2012).
When microorganisms are associated with the sediment sur-
face, they secrete a matrix of extracellular polymeric sub-
stances (EPS) to form biofilms (Chen et al. 2017). The growth
of biofilms may be promoted by eutrophication of the river
and lake (Li et al. 2019) and possibly suppressed by sediment
resuspension and shear stress (Fang et al. 2017). Besides, the
biofilm formation can change the nutrient level in rivers and
the change will inversely affect the biofilm formation
(Ghanbari et al. 2016). Thus, the growth of biofilm is variable.
Many studies have demonstrated that biofilms’ growth on the
sediment changes the microtopography, sediment properties,
and interparticle forces, subsequently changing the erosion
response of sediment to the flow as well as the bedform and
sediment transport (Fang et al. 2014; Gerbersdorf and
Wieprecht 2015; Thom et al. 2015; Parsons et al. 2016;
Cheng et al. 2018). However, little attention has been paid to
the effects of biofilms on the sorption characteristics of emerg-
ing organic contaminants onto sediments. It has been reported
that sediment organic matter comprises two important hetero-
geneous sorption domains: a rubbery amorphous domain and
a glassy condensed domain (Ran et al. 2007; Sun et al. 2010).
The structure of sediment organic matter affects the sorption
of organic contaminants (Ran et al. 2007). The growth of
biofilms can increase the content of amorphous organic matter

in sediments (Ding et al. 2015). In addition, biofilms have an
affinity for emerging organic contaminants due to the presence
of biofilm EPS, which can interact with organic contaminants
via Coulomb forces, hydrogen bonds, van der Waals forces,
and hydrophobic interactions (Dong et al. 2017; Zhang et al.
2018b). Therefore, biofilms adhering to sediments can in-
fluence the latter’s sorption for organic contaminants. Ding
et al. (2015) removed biofilms from sediments and found
that the biofilm coverage of sediments had no effect on the
sorption capacity of endocrine-disrupting chemicals.
However, the sorption results provided by removal of
biofilms from sediments may differ from those gained
when considering the extent of biofilm growth by sorption.
If the sorption of organic contaminants by original sedi-
ments was different from that by biofilm-coated ones, the
concentration of organic contaminants left in aqueous
phase will be changed and affect their ecological risk.
Generally, a lower amount of organic contaminants sorbed
on aquatic solids could pose a higher ecological risk in the
aqueous phase (Lou et al. 2011; Zhang et al. 2011). It is
necessary to find out the effect of biofilms on the sorption
characteristic of sediments. However, it remains unknown
whether changes in the growth of biofilms on sediments
have an effect on the sorption of fluoroquinolone antibi-
otics in sediments, and knowledge of how biofilm EPS
reacts with fluoroquinolone antibiotics is also limited.

In this study, ofloxacin (OFL), one of the most commonly
reported fluoroquinolone antibiotics in aquatic environments
(Dong et al. 2016; Gothwal and Shashidhar 2017; He et al.
2019), was chosen as a model fluoroquinolone agent. The
aims of the study were (a) to investigate the effect of biofilms
on sorption of OFL onto sediments by associating the chem-
ical properties of original sediments and biofilm-coated sedi-
ments with their sorption characteristics and (b) to reveal the
interaction between EPS from biofilms and OFL by three-
dimensional excitation-emission matrix fluorescence spec-
troscopy and UV-Vis spectroscopy.

2 Materials and methods

2.1 Cultivation and characterization of biofilm-coated
sediments

The top 5 cm of sediments and the overlying water containing
natural microorganisms were collected from Nanhu Lake in
Changchun, China, using a grab sampler in June 2016.
Information on the lake is given in Table S1 in the
Electronic Supplementary Material (ESM). The collected sed-
iments and water samples were transferred to glass bottles and
immediately transported to the laboratory. The sediments were
air-dried at room temperature (20 °C), ground, and sieved
through a 0.3-mm sieve to a mean particle size of 21.3 μm
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(measured by laser particle size distribution analyzer;
Bettersize 2000; Bettersize, China). The water samples were
filtered with a 3-μm mixed cellulose ester filter to remove
suspended particles. Biofilm cultivation on sediments was
performed according to a modified version described by
Fang et al. (2017). Briefly, 20 mg of sediment and 40 mL of
filtered natural water were added to a 50-mL Erlenmeyer
flask. Mineral salt solutions were then added to facilitate the
growth of biofilms (Zhang et al. 2018b). The cultivation was
conducted under static state at 25 °C in natural light (10 h a
day) for 30 and 45 days. The samples were flushed with air to
provide O2. Sediments colonized by biofilms were referred to
as biofilm-coated sediments (BS) to differentiate them from
the original sediments (OS). The BS were named BS-30 or
BS-45 according to its culture time. After culturing, BS-30
and BS-45 were rinsed twice with Milli-Q water to remove
the culture medium and biofilms that did not adhere to sedi-
ments. Then, BS-30 and BS-45 were collected by centrifuga-
tion at 1000×g for 5 min, which did not shear off biofilms
from sediments.

The total organic carbon (TOC) content of OS, BS-30, and
BS-45 was measured with a TOC analyzer (TOC-L,
Shimadzu, Japan) equipped with a solid sample module
(SSM-5000A). The cation exchange capacities (CEC) of each
sediment sample were determined by EPA method 9081
(Hahladakis et al. 2014).

2.2 Extraction of extracellular polymeric substances
from biofilms

Extracellular polymeric substances (EPS) were separated from
the biofilms to study their interaction with OFL. First, biofilms
were colonized on glass slides held in polypropylene racks for
30 and 45 days, as reported in our previous study (Zhang et al.
2018b). The water and other conditions for biofilm cultivation
were the same as for the simultaneous cultivation of biofilm-
coated sediments. After culturing, the biofilms were scraped
from the glass slides and suspended in Milli-Q water. The
suspensions were then centrifuged for 10 min at 2700×g to
remove the supernatant. Then, the biofilms separated by cen-
trifugation were diluted to a concentration of 4 mg mL−1

(based on dry weight and volume conversion). Finally, EPS
were extracted by centrifuging the biofilms at 10,000×g for
20 min at 4 °C (Dong et al. 2017). The supernatants were
filtered with a 0.45 μM cellulose acetate membrane filter,
and the filtrates were freeze-dried. The freeze-dried EPS were
prepared at a concentration of 0.1 mg mL−1 and designated
according to their culture times as EPS-30 and EPS-45.

2.3 Batch sorption experiments

Experiments to determine the batch sorption of OFL were
performed for OS, BS-30, and BS-45. A stock solution of

OFL (100 mg L−1) was dissolved in a background solution
of 0.1 mol L−1 KCl and 100 mg L−1 NaN3. The stock solution
was then diluted with the background solution to 10 different
initial concentrations (0.1–1.0 mg L−1) in 1-L volumetric
flasks. The initial concentrations of OFL used in this study
were consistent with other recent laboratory studies of OFL
sorption on sediments (Cao et al. 2017; Wang et al. 2017a).
Although the concentrations used in the experiments are much
higher than those observed in natural waters (Wang et al.
2017b; Hu et al. 2018b), they are necessary for conducting
reliable laboratory investigations with quantitative analysis. A
20-mg (dry weight) sediment sample was mixed with 20-mL
OFL solution in 40-mL Teflon-coated screw cap vials. The
vials were stored in the dark and shaken for 24 h at 25 °C in
an air bath shaker based on preliminary experiments.
Simultaneously, blanks without OFL and control samples
without sediment samples were equilibrated together with
the other samples. Two replications were conducted for each
treatment. After being equilibrated for 24 h, the vials were
centrifuged at 1000×g for 5 min. The concentration of OFL
in the supernatants was then quantified by high-performance
liquid chromatography as described in previous literature (Pan
et al. 2012).

2.4 Spectral analysis

Infrared spectrometry was used to obtain the main functional
groups involved in the OFL sorptionmechanism. Freeze-dried
sediment samples were analyzed using an infrared spectrom-
eter (IRAffinity-1S, Shimadzu, Japan) before and after OFL
sorption experiments. The freeze-dried sediment samples and
spectrally pure KBr were mixed at a ratio of 1:100 and ho-
mogenized in an agate grinder (Wang et al. 2014). The
resulting mixture was pressed into pellets, which were then
loaded on an infrared spectrometer, and spectra in the range of
4000–400 cm−1 were collected with 20 replications at a reso-
lution of 2 cm−1.

To study the interaction between EPS and OFL, the prop-
erties of EPS, 0.5 mg L−1 OFL, and 0.5 mg L−1 OFL-mixed
EPS were recorded with a fluorescence spectrophotometer
(F-2700, Hitachi, Japan) and UV-Vis spectrophotometer
(UV-1800, Shimadzu, Japan). The three-dimensional excita-
tion-emission matrix (3D-EEM) fluorescence spectra were re-
corded at every 5 nm interval over an excitation range of 220–
550 nm with an emission range of 220–550 nm and 5 nm
intervals. The scan speed was set at 12,000 nm min−1. The
excitation and emission slits were both set to 5-nm bandpass.
The UV-Vis spectra were recorded over a range of 200–
700 nm at every 0.5 nm interval, and the scan speed was set
to medium speed. Milli-Q water was used as the blank for the
entire spectral analysis. The entire procedure was performed
in triplicate, and the mean values were used for discussion.
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2.5 Data analysis

The sorption amounts of OFL on different sediment samples
were calculated according to the difference of the OFL con-
centrations in the water phase before and after the sorption,
which used Eq. (1):

Qe ¼ C0−Ceð ÞV=W ð1Þ

where Qe is the amount of OFL sorbed onto the sediment
sample, mg g−1; C0 is the initial concentration of OFL,
mg L−1; Ce is the concentration of OFL at equilibrium,
mg L−1; V is the volume of the sorption solution, L; and W
is the dry weight of the sediment sample, g.

The linear model, Langmuir model, Freundlich model, and
dual reactive domain model (DRDM) were used to fit the
sorption process. These models can be expressed by Eqs.
(2), (3), (4), and (5):

Linear model:

Qe ¼ KHCe ð2Þ

Langmuir model:

Qe ¼ QmaxKLCe= 1þ KLCeð Þ ð3Þ

Freundlich model:

Qe ¼ KFCn
e ð4Þ

DRDM:

Qe ¼ KPCe þ QmaxKLCe= 1þ KLCeð Þ ð5Þ

where KH is the linear partition coefficient, L g−1; Qmax is the
Langmuir adsorption maximum capacity, mg g−1; KL is the
Langmuir equilibrium constant, L g−1; KF is the Freundlich
equilibrium coefficient, (mg g−1)/(mg L−1)n; n is the
Freundlich nonlinear coefficient; and KP is the partition coef-
ficient of the linear component of the DRDM, L g−1.

Because the number of parameters varied in the above
models, the normal coefficient of determination (r2) could
not be compared directly. The adjusted r2 (r2adj) was therefore
calculated and compared (Peng et al. 2012).

r2adj ¼ 1− 1−r2
� �

m−1ð Þ= m−b−1ð Þ ð6Þ

where m is the number of data points used for fitting and b is
the number of coefficients in the fitting equation.

The single-point distribution coefficients (KD) were calcu-
lated at selected equilibrium concentrations of OFL to com-
pare the sorption capacity of each sediment sample. The equa-
tion was as follows:

KD ¼ Q
0
e=C

0
e ð7Þ

where Ce
′ is the selected equilibrium concentration of OFL,

mg L−1; and Qe
′ is the sorption amount calculated from the

best fitting model at selected equilibrium concentration of
OFL, mg g−1. Model fitting and analysis of variance were
conducted using Origin (Version 9.0, OriginLab, US).

3 Results and discussion

3.1 Characterization of original sediment
and biofilm-coated sediments

The TOC values of sediment samples increased after cultiva-
tion for 30 and 45 days (Table 1). In general, the metabolic
activities of microorganisms in biofilms can increase the or-
ganic content of sediment (Shang et al. 2014). As such, the
information from TOC data demonstrates the formation of
biofilms on the sediment surface. The CEC values of sediment
samples ranged from 42.40 to 64.83 mmol g−1 (Table 1), the
same order of magnitude as that specified by Ashayeri et al.
(2018).

3.2 Effect of biofilms on ofloxacin sorption
onto sediments

The sorption data were fitted with the linear, Langmuir, and
Freundlich models as well as DRDM. The sorption parame-
ters and values of r2adj are listed in Table S2 (ESM). The r2adj
values suggested that the isotherms were well fitted by
DRDM (r2adj > 0.943), and the DRDM isotherms are shown
in Fig. 1. The DRDM could be further used to discuss changes
in the linear partitioning (or dissolution) and nonlinear adsorp-
tion of OFL into or onto sediments after the growth of
biofilms.

The relationship between partition coefficients and TOC
values has been widely discussed in the literature. Previous
authors usually reported a positive correlation between
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partition coefficients of organic contaminants and TOC of
soils/clay minerals (Pan et al. 2006; Tan et al. 2018).
However, the TOC values did not correlate significantly with
the KP values (P > 0.05) in this study, which may have been a
result of not having sufficient data points to see statistical
significance or being limited by coexisting nonlinear adsorp-
tion (Xia et al. 2016). Although there was no significant cor-
relation, the content of organic substances in the sediment
samples increased, while their KP values decreased after the
growth of biofilms (Fig. 2). The results showed that growth of
biofilms decreased the KP values by 50% and 60%, but these
values were still in accordance with the reported range from
0.39 to 16.54 g L−1 (Zhao et al. 2016). This implies that the
sediments used in the previous studies may have been colo-
nized by biofilms, although these studies’ authors did not
identify the presence of biofilms on sediments. The decrease
of KP after the growth of biofilms was related to the presence
of EPS, which has been credited with both the interaction
with, and the sequestering of, antibiotics (Martin et al. 2015;
Zhang et al. 2018b; Wang et al. 2019). Thus, the growth of
biofilms on the surface of sediments created a barrier, and
OFL partitioned into the outer layer of biofilms. The

partitioning process of organic contaminants into organic mat-
ter via hydrophobic interaction was related to the properties of
organic matter (Chiou and Kile 1994; Pignatello et al. 2006;
Yamamoto et al. 2009). Biofilm’s organic matter is less aro-
matic than that of sediment (Writer et al. 2011). Based on the
similarity-intermiscibility theory, OFL containing aromatic
ring structures will have a low affinity for low-aromaticity
organic matter from biofilms. Therefore, the hydrophobic
partitioning of OFL in sediments would be heavier than that
in biofilms. In short, weak hydrophobic interaction between
OFL and organic matter in the outer layer of biofilms leads to
relatively low partition coefficients of OFL in biofilm-coated
sediments.

Compared to the linear partition components, biofilms may
have a different effect on the nonlinear Langmuir adsorption
components. Because the KD values of the Langmuir adsorp-
tion components (KDL) in DRDM were related to the OFL
equilibrium concentrations (Fig. S1–ESM), the mean KDL

values were calculated at 100 selected OFL equilibrium con-
centrations ranging from 0 to 0.4 mg L−1. Then, the ratio of the
mean KDL values of BS-30 or BS-45 to that of OS was calcu-
lated to quantitatively describe the changes in adsorption ca-
pacities. The calculated ratio values of BS-30 or BS-45 to OS
were 1.7 ± 0.1 and 2.0 ± 0.7, respectively. The ratios were
greater than one, indicating that the growth of biofilms en-
hanced nonlinear adsorption. Previous studies have shown
that cation exchange contributed to the nonlinear adsorption
process because the positively charged piperazinyl group of
OFL exchanged H+ on the adsorbent surface (Zhang et al.
2018b). After the growth of biofilms, the increased CEC of
sediments may promote cation exchange. Li et al. (2018) also
reported that the higher CEC of sediments had a higher ad-
sorption capacity for fluoroquinolone antibiotics. However,
there was no significant correlation between CEC values and
KDL (P > 0.05) in this study, suggesting the presence of other
nonlinear adsorption mechanisms such as hydrogen bonding.
It has been reported that hydroxyl hydrogen in sediments can
provide binding sites for OFL sorption through the formation
of hydrogen bonds (Wu et al. 2013). In the current study, the
infrared spectra of OS and BS-30 were recorded to investigate
the formation of hydrogen bonds (Fig. S2–ESM). After OFL
sorption, the infrared absorption bands of –OH at 3400 cm−1

become lower due to red-shifts in O–H stretching frequencies
(Fig. S2–ESM), which are caused by formation of hydrogen
bonds as reported by Champagne et al. (2015). The most

Fig. 1 Sorption isotherms of ofloxacin onto original sediments and
biofilm-coated sediments fitted by dual reactive domain model

Table 1 The changes in total organic carbon (TOC) contents and cation exchange capacity (CEC) values of different sediment samples

Sample TOC (mgC mg−1) CEC (mmol g−1)

Original sediments 2.63 42.40

Biofilm-coated sediments at 30 days 2.88 55.78

Biofilm-coated sediments at 45 days 4.06 64.83
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common are hydrogen bonds of the type X–H···Y, where X is
O, N, or a halogen and Y is O, N, S, or a halide (Steiner 2002).
Therefore, fluorine atoms with strong electronegativity in
OFL could form hydrogen bonds with –OH groups in sedi-
ment samples. In an earlier study, the authors also reported the
formation of hydrogen bonds between fluorine and hydrogen
atoms (Uysal et al. 2013). However, other types of binding,
except for hydrogen bonds, may occur with OFL and sedi-
ment, such as formation of an inner-sphere complex with iron
and aluminum oxides in sediments via the carboxylic group in
OFL (Li et al. 2017), which needs to be investigated in the
future. In short, the growth of biofilms affects cation exchange
and hydrogen bonds, thereby increasing the nonlinear adsorp-
tion capacities of sediments for OFL.

3.3 Interaction between extracellular polymeric
substances and ofloxacin

As described in the previous section, EPS is likely to interact
with OFL, which influences the sorption of the latter on
biofilm-coated sediments. As such, the interaction between
EPS and OFL was further investigated. The 3D-EEM fluores-
cence spectra showed that four fluorescence peaks were found
in EPS-30 and EPS-45 (Fig. 3a, b). Peak T1 (Ex/Em = 225 nm/
315–330 nm) and peak T2 (Ex/Em = 280 nm/330–345 nm)
corresponded to protein-like fluorescence and could be further
identified as aromatic protein and soluble microbial
byproduct-like substances, respectively (Mayer et al. 1999;
Dong et al. 2017). Peak A (Ex/Em = 255–275 nm/435–
460 nm) and peak C (Ex/Em = 360–365 nm/440–460 nm)
were associated with humic-like substances (Coble 1996;
Kim et al. 2015). After the addition of OFL, the fluorescence
intensities of peak T1 and T2 decreased (Fig. 3c, d). It is likely
that this decrease was due to fluorescence quenching by OFL,
suggesting that protein-like substances might react with OFL.

Fluorescence-quenching processes can be subdivided into
static and dynamic processes that can be identified by UV-Vis
spectroscopy. The dynamic quenching process can affect the
excited state fluorophore but does not affect the UV-Vis

spectra. In contrast, complexes formed during the static
quenching process affect the UV-Vis spectra of the reagents
(Dong et al. 2017). As shown in Fig. 4, the UV-Vis absorption
spectrum of EPS (black solid line) in this study was obviously
different from the spectrum of (EPS +OFL)-OFL (red dash
line), which was calculated by subtracting the spectrum of
OFL (blue dot line) from the spectrum of EPS +OFL (cyan
dash dot line) to eliminate the influence of OFL in solution.
This result implies the formation of a complex between EPS
and OFL. In addition, the ratio of absorbance at 250–365 nm
(E250/E365) of EPS-30 and EPS-45 decreased by 59.1% and
75.3% (Table S3–ESM), respectively, after the addition of
OFL. It has been reported that E250/E365 negatively correlat-
ed with molecular size (Dong et al. 2018). The decreased
values of E250/E365 in this study indicated an increase in
the molecular size of EPS, further suggesting the formation
of complexes between EPS and OFL. Therefore, the UV-Vis
spectra confirmed that static quenching of the binding interac-
tion between EPS and OFL is the basis upon which protein-
like substances interact with OFL. This is corroborated by a
previous study whose authors also reported that proteins in
EPS play an important role in the sorption of fluoroquinolone
antibiotics through the provision of binding sites (Zhang et al.
2018a). Thus, it appears that EPS–OFL complexes were
formed in this study during the sorption process, which influ-
enced the sorption of OFL on biofilm-coated sediments.

3.4 Implications

Biofilm growth on the sediment will change the properties of
sediments, such as TOC, CEC, and functional group.
Consequently, the sorption mechanisms of OFL onto
biofilm-coated sediments will be different from that of origi-
nal sediments, which shows the suppressed linear partition
capacities and enhanced nonlinear Langmuir adsorption ca-
pacities. Generally, the sorption process dominated by
Langmuir adsorption will transform into linear partition with
the increase of sorbate concentrations when both linear parti-
tion and Langmuir adsorption are involved in sorption

Fig. 2 a Partition coefficients
(KP) and b total organic carbon
(TOC) content of original sedi-
ments (OS) and biofilm-coated
sediments at 30 and 45 days (BS-
30 and BS-45)
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(Garcia-Zubiri et al. 2009; Cheng et al. 2017). Therefore, the
enhanced effect of biofilms on sorption capacities of OFL
onto sediments will transform into a suppressed effect with
the increasing of OFL concentrations. It is clear that the less
OFL is sorbed, the more there will be in water (without

consideration of OFL degradation). The ecological risk of
OFL to aquatic environment is mainly predicted by its con-
centration in water (He et al. 2019). Based on the present
study, if the ecological risk of OFL was estimated from its
concentration in water which was predicted by initial

Fig. 3 The three-dimensional ex-
citation-emission matrix fluores-
cence spectra of a 30-day and b
45-day extracellular polymeric
substances (EPS-30 and EPS-45)
and c, d mixtures of EPS-30 and
EPS-45 (respectively) combined
with ofloxacin (OFL)

Fig. 4 The ultraviolet-visible
spectra of extracellular polymeric
substance (EPS), ofloxacin (OFL)
with the concentration of
0.5 mg L−1, EPS +OFL system,
and the subtraction of the spec-
trum of OFL from the EPS +OFL
combination [(EPS +OFL)-OFL]
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discharged concentration and the sorption capacity of original
sediments, it will be incorrect due to the effect of biofilms on
sorption capacities of OFL by sediments. Thus, when estimat-
ing the ecological risk of OFL in eutrophic waters, the growth
of biofilms on sediments should be considered. However, oth-
er various factors including shear stress, nutrient level, micro-
bial consortia, sediment composition, and antibiotic types may
influence the results. Further experiments, with a focus on
these influential factors, will be conducted in the future.

4 Conclusions

In this study, the growth of biofilms made OFL sorb onto the
outer layer of biofilm-coated sediments. During the sorption
process, both linear partitioning and nonlinear adsorption con-
tributed to the sorption of OFL on original sediments and
biofilm-coated sediments. The hydrophobic partitioning of
OFL into sediments was suppressed, while nonlinear adsorp-
tion mechanisms, including cation exchange and hydrogen
bonding, were enhanced after the growth of biofilms.
Meanwhile, protein-like substances in EPS from biofilms
interacted with OFL and affected the sorption of OFL to sed-
iments. With the increase of OFL concentration, the combina-
tion of linear partitioning and nonlinear adsorption resulted in
OFL sorption to biofilm-coated sediments being suppressed
compared with the original sediments. The inhibited sorption
of OFL onto biofilm-coated sediments increased the OFL
concentration in the aqueous phase, which could further in-
crease the ecological risk of OFL in waters. Therefore, fresh-
water biofilms play an important role in the sorption of OFL
onto sediment surfaces.
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