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A B S T R A C T

Reducing the toxicity caused by antibiotics on bacterial communities in the soil is one of the great challenges of 
this century. For this, the effectiveness of amending the soil with different bioadsorbents such as crushed mussel 
shell (CMS), pine bark (PB) and biomass ash (BA), as well as combinations of them (CMS + PB and PB + BA) was 
studied at different doses (0 g kg−1 to 48 g kg−1). Soil samples were spiked, separately, with increasing doses 
(0–2000 mg kg−1) of cefuroxime (CMX), amoxicillin (AMX), clarithromycin (CLA), azithromycin (AZI), cipro-
floxacin (CIP) and trimethoprim (TMP). Their toxicity on bacterial growth was estimated using the tritium- 
labeled leucine (3H) incorporation method. Toxicity was observed to behave differently depending on the 
antibiotic family and bioadsorbent, although in different magnitude and at different doses. The toxicity of 
β-lactams (AMX and CXM) was reduced by up to 54% when the highest doses of bio-adsorbents were added due 
to the increase in pH (CMS and BA) and carbon (PB) contribution. Macrolides (CLA and AZI) showed slight 
toxicity in un-amended soil samples, which increased by up to 65% with the addition of the bio-adsorbents. The 
toxicity of CIP (a fluoroquinolone) increased with the dose of the bio-adsorbents, reaching up to 20% compared 
with the control. Finally, the toxicity of TMP (a diaminopyrimidine) slightly increased with the dose of bio- 
adsorbents. The by-products that increase soil pH are those that showed the highest increases of CLA, AZI, 
CIP and TMP toxicities. These results could help to prevent/reduce environmental pollution caused by different 
kinds of antibiotics, selecting the most appropriated bio-adsorbents and doses.   

1. Introduction

The use of antibiotics to treat a variety of infectious diseases has
widely spread over the last few decades, and specifically in human 
medicine. In fact, global antibiotic consumption increased by 65% be-
tween 2000 and 2015, reaching a total annual use of 42 billion DDD 
(defined-daily-doses), as indicated by Klein et al. (2018). Antibiotics are 
essential for the treatment of bacterial infections, however, their 
degradation rate in the human intestine is low, causing that around 70% 
of the doses are excreted as an original compound or as a metabolite 
(Koch et al., 2021; Kümmerer, 2009). This fact causes that domestic and 
hospital effluents are frequently loaded with too high concentrations of 

antibiotics for human use, such as amoxicillin, azithromycin, cefurox-
ime, ciprofloxacin, clarithromycin and trimethoprim, all of them re-
ported as detected in wastewater (Hartmann et al., 1999; Iatrou et al., 
2014; Aydın et al., 2022). To note that these antibiotics are included in 
the list of the most prescribed and associated to higher concern at global 
level (Adriaenssens et al., 2011; European Commission, 2015; Collignon 
et al., 2016). 

Treatments carried out in wastewater treatment plants hardly elim-
inate antibiotics, while the persistent use of liquid effluent for irrigation, 
and sewage sludge to fertilize crop fields, disseminate these emerging 
pollutants in the environment (Michael et al., 2013) and cause the 
accumulation of antibiotics in soils (Kemper, 2008; Pan and Chu, 2017). 
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Some of the main risks arising from the arrival of antibiotics to soils lie 
on the effect they may cause on the structure and function of soil mi-
crobial communities, due to the bioactive/biocide nature of these pol-
lutants (Cycoń et al., 2019), which can affect the maintenance of 
biological activity in soils, considered a key feature for sustainable soil 
productivity and for ensuring ecosystem functions (Pan and Chu, 2017; 
Zhao et al., 2022). The pressure exerted by human medicine antibiotics 
on soil bacterial communities may cause increases in antibiotic resis-
tance genes in soils, and these resistances can be transmitted, by hori-
zontal transfer, to human pathogens (Huddleston, 2014), causing 
serious problems in human and environmental health (Levy and 
Marshall, 2004). 

There is a variety of methods for removing antibiotics, such as 
membrane separation, advanced oxidation or adsorption to synthetic 
materials. However, these methods have a high cost and generate a large 
amount of waste (Ata et al., 2017; Ding et al., 2016; Juela, 2021; Russell 
and Yost, 2021). Focusing on soils, an alternative treatment to address 
this problem is the addition of low-cost waste/by-products, to be used as 
bio-adsorbents. In fact, bio-adsorbents derived from waste or 
by-products have numerous advantages compared to synthesized ma-
terial. On the one hand, its low cost should be highlighted, as well as the 
simultaneous promotion of circular economy when recycling these 
waste materials. On the other hand, these bio-adsorbents are usually 
degradable and non-polluting materials. 

In spite of their potential advantages, there are still few studies on 
how the application of adsorbents to soil contaminated with antibiotics 
could affect the microbiota (Rousk et al., 2008; Santás-Miguel et al., 
2020, 2021), although their effectiveness had been widely proven in 
soils contaminated with heavy metals (Fernández-Calviño et al., 2015; 
Fernández-Calviño et al., 2018; Yu et al., 2022). It would be of main 
importance to provide new scientific data on the effects that antibiotics 
reaching the soil as pollutants have on soil bacterial communities, and 
specifically after being amended with bio-adsorbents derived from 
waste/by-products. This kind of research could contribute to obtain key 
information applicable in the protection of environmental and public 
health on the basis of the One Health approach. 

In view of all the previous background, the main objective of this 
work is assessing the following hypothesis: the amendments consisting 
in different doses (0, 6, 12, 24 and 48 g kg−1) of the bio-adsorbents pine 
bark (PB), crushed mussel shell (CMS) and biomass ash (BA), and two 
mixtures (CMS + PB and PB + BA), applied on soils contaminated with 
antibiotics belonging to the families of β-Lactams (amoxicillin, AMX, 
and cefuroxime, CXM), Macrolides (azithromycin, AZI, and clari-
thromycin, CLA), Fluoroquinolones (ciprofloxacin, CIP), and Dia-
minopyrimidines (trimethoprim, TMP), could decrease the negative 
effects on the growth of microbial communities due to the toxicity of 
these compounds. This is the first time that such an investigation is 
carried out, and it could provide relevant results as regards environ-
mental and public health preservation. 

2. Materials and methods 

2.1. Chemicals and reagents 

The 6 antibiotics used had a purity >95% and were provided by 
Sigma-Aldrich (Steinheim, Germany): AMX (CAS: 61336-70-7), AZI 
(CAS: 117772-70-0), CIP (CAS: 85721-33-1), CLA (CAS: 81103-11-9), 
CXM (CAS: 55268-75-2) and TMP; (CAS: 738-70-5), as well as talc 
(CAS: 14807-96-6). The main characteristics of each antibiotic are 
shown in Table 1. 

2.2. By-products/bio-adsorbents 

In this study, two by-products from the forestry industry (Pine Bark 
(PB) and Biomass Ash (BA)) and one from the food industry (Crushed 
Mussel Shell (CMS)) were used. PB was provided by Geolia (Madrid, 
Spain), CMS by Abonomar SL (Illa de Arousa, Spain), and BA was from a 
combustion boiler in Lugo (Spain). The three by-products/bio- 
adsorbents have been characterized previously by Quintáns-Fondo et 
at. (2017), and their main details are included in Table 2. 

A theoretical calculation was carried out to estimate the total carbon 
content added after amending the soil with the different doses of the bio- 
adsorbents. The addition of CMS contributed to increase the total carbon 
content (in this case being mainly inorganic) from 0.69 g kg−1 (for the 
dose of 6 g kg−1) to 5.49 g kg−1 (for the dose of 48 g kg−1). The 

Table 1 
Main chemical characteristics of the antibiotics used. KOW: distribution coefficient octanol-water. pKa: negative log of the acid dissociation constant.  

Antibiotic Chemical group Chemical formula Molecular weight (g mol−1) Water solubility (mg L−1) a Log KOW pKa 
b 

Amoxicillin β-Lactams C16H19N3O5S 3H2O 419.45 3430 0.87 3.23–7.22 
Azithromycin Macrolide C38H72N2O12 785.02 2.37 4.02 12.53–9.57 
Ciprofloxacin Fluoroquinolone C17H18FN3O3 331.34 36,000 0.28 6.09–8.74 
Clarithromycin Macrolide C38H69NO13 747.95 2 3.16 12.46–9 
Cefuroxime β-Lactams C16H16N4O8S 424.39 145 −0.16 2.5 
Trimethoprim Diaminopyrimidines C14H18N4O3 290.32 400 0.91 7.16  

a Ghirardini et al. (2020), Solliec et al. (2016). 
b Ghirardini et al. (2020), Hanamoto and Ogawa (2019), Talaiekhozani et al. (2020). 

Table 2 
Main chemical characteristics of the bio-adsorbents studied. CMS: crushed 
mussel shell; PB: pine bark; BA: biomass ash.   

CMS PB BA 

C (%) 11.4 47.0 11.7 
N (%) 0.21 0.32 0.21 
pHwater 9.4 4.0 11.3 
Cae (cmol(þ) kg¡1) 24.8 5.4 95.0 
Mge (cmol(þ) kg¡1) 0.7 2.7 3.3 
Nae (cmol(þ) kg¡1) 4.4 0.5 12.2 
Ke (cmol(þ) kg¡1) 0.4 4.6 250.7 
Ale (cmol(þ) kg¡1) 0.03 1.8 0.1 
eCECe (cmol(þ) kg¡1) 30.25 14.92 361.2 
PT (mg kg¡1) 101.5 <0.01 663.7 
CaT (mg kg¡1) 280168 2319 136044 
MgT (mg kg¡1) 980.6 473.6 23171 
NaT (mg kg¡1) 5173 68.92 2950 
KT (mg kg¡1) 202.1 737.8 99515 
AsT (mg kg¡1) 1.1 <0.001 8.4 
CdT (mg kg¡1) 0.1 0.1 19.3 
CrT (mg kg¡1) 4.5 1.9 36.3 
CuT (mg kg¡1) 6.7 <0.001 146.3 
NiT (mg kg¡1) 8.2 1.9 69.3 
ZnT (mg kg¡1) 7.7 7.0 853.0 
MnT (mg kg¡1) 33.75 30.19 10554 
AlT (mg kg¡1) 433.2 561.1 14966 
FeT (mg kg¡1) 1855 169.8 12081 
Alo (mg kg¡1) 178.3 315.0 8323 
Feo (mg kg¡1) 171.0 74.02 4233 

Xe: exchangeable concentration of the element; XT: total concentration of the 
element; Alo, Feo: extracted with ammonium oxalate. 
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amendment with BA increased total soil carbon (mainly inorganic) from 
0.70 g kg−1 (at dose of 6 g kg−1) to 5.59 g kg−1 (for the dose of 48 g 
kg−1). As for the addition of PB to soils, the increase in the total carbon 
content (mainly organic) ranged from 2.81 g kg−1 to 22.54 g kg−1, for 
the doses of 6–48 g kg−1, respectively. The soil amendment with PB 
caused the highest increase in total carbon content. 

For the mixtures used, the total carbon added to the soil with CMS +
PB ranged from 1.75 g kg−1 to 14.01 g kg−1, for the doses from 6 to 48 g 
kg−1, respectively. Finally, the addition of PB + BA caused an increase in 
the total carbon content of 1.76 g kg−1 for the lowest dose added (6 g 
kg−1), while reached 14.06 g kg−1 when the maximum dose (48 g kg−1) 
was added. 

2.3. Soil 

The soil used in this research was sampled at a vineyard plot situated 
in Galicia (Northwest of the Iberian Peninsula) and resulted from the 
combination of different sub-samples from the surface horizon of the soil 
(0–20 cm), which were collected using an Edelman probe. The soil 
sampled was transported to the laboratory, where it was air dried, sieved 
through a 2 mm mesh and stored in polyethylene bottles until analysis. 
Standard methods were used to carry out soil analyses (Tan, 1996). 

The main characteristics of the soil are shown in Table 3. Briefly, the 
pH value measured in water was 5.4, while pH in 0.1 M KCl was 3.8. The 
total carbon and nitrogen contents were 1.2% and 0.1%, with C/N ratio 
of 12. As for the sand, silt and clay contents, they were 45.5%, 40.0%, 
and 14.5%, respectively, showing a loam texture. In addition, the 
effective cation exchange capacity (CEC) was 7.9 cmol(+) kg−1, while 
CuT and AsT concentrations were similar to those found in uncontami-
nated soils in the study area (Macías and Calvo, 2008). 

2.4. Experimental design 

Aliquots consisting of 24 g of dry soil, introduced in 500 mL poly-
ethylene canisters, were added separately with 0, 0.29, 0.58, 1.15 and 
2.30 g of each of the three bio-adsorbents, to obtain doses of bio- 
adsorbents of 0, 6, 12, 24 and 48 g per kg of soil (Fig. S1; Supplemen-
tary Material). The bio-adsorbents used were those indicated above: 
pine bark (PB), crushed mussel shell (CMS) and biomass ash (BA), 
separately and in two mixtures (PB + CMS and PB + BA), added in the 
quantities required to obtain a bio-adsorbent concentration equal to that 
of those added separately (adding half the weight of each of both bio- 
adsorbents in these mixtures). This was done for each antibiotic and 

each bio-adsorbent (separately and its mixtures) in triplicate, obtaining 
a total number of 450 canisters (5 doses x 5 bio-adsorbents x 6 antibi-
otics x 3 replicates). Once the samples were weighed, a homogenization 
of the soil and the bio-adsorbents was performed, and subsequently the 
samples were moistened to reach between 60 and 80% of their field 
capacity. Then they were incubated for 30 days at 22 ◦C in the dark, 
which is time enough to allow that the growth of bacterial communities 
stabilize under the new soil conditions (Meisner et al., 2013). After this 
time, the samples of the canisters were subdivided into 3 g of dry soil, 
obtaining from each sample 8 different 50-mL Falcon tubes. 

Subsequently, these 8 Falcon tubes were separately spiked with 8 
different antibiotic concentrations, obtaining a concentration gradient 
of 0, 0.49, 1.95, 7.81, 31.25, 125, 500 and 2000 mg of antibiotic per kg 
of soil sample. This was performed for the 6 antibiotics investigated: 
AMX, AZI, CIP, CLA, CXM and TMP. The soil samples obtained were 
incubated for 1 day (direct toxicity) at 22 ◦C in the dark. After this in-
cubation period, each soil sample (3 g) was subdivided into 3 different 
15-mL Falcon tubes (1 g of soil in each), resulting in a total of 24 tubes. 
This was performed for the 5 bio-adsorbents, 5 doses and 6 antibiotics, 
obtaining a total of 3600 microcosms (Fig. S1; Supplementary Material). 
In each of these samples the bacterial growth was estimated by the 
method of incorporating leucine marked with tritium (3H) (Bååth, 1994; 
Bååth et al., 2001). In addition, the pH values (w/v ratio 1:10) of the 
bacterial suspensions obtained were measured for each of the samples. 
Briefly, aliquots of 1 g of soil were placed in 15-mL centrifuge tubes, 
then adding 10 mL of distilled water. After 3 min of vortex agitation and 
10 min of centrifugation at 1000×g, a 1 mL aliquot of the bacterial 
suspension was taken and transferred to a 2 mL microcentrifuge tube, to 
which a volume of 20 μL of a tritium-marked leucine dilution was added 
([3H] Leu (3.7 MBq mL−1 and 5.74 TBq mmol−1; Amersham, UK). The 
samples were incubated for 2 h at 22 ◦C in the dark. At the end of the 
incubation period, the bacterial growth was stopped by adding 75 μL of 
100% trichloroacetic acid. Finally, the bacteria in the microcentrifuge 
tubes were washed and treated using the method described by Bååth 
et al. (2001). The amount of Leu incorporated in bacterial cells was 
determined by the per-minute decays obtained for each sample using a 
liquid scintillation counter (Tri-Carb 2810 TR, PerkinElmer, USA). 

2.5. Data analysis 

Bacterial growth data were normalized with respect to the control 
(without antibiotic) for each dose of bio-adsorbent and antibiotic, in 
order to allow comparison of different dose-response curves. 

Dose-response curves (bacterial growth relative to logarithmic anti-
biotic concentration) were plotted using the data obtained for each dose 
of bio-adsorbent and antibiotic. From each inhibition curve, the loga-
rithm of the concentration that inhibits 50% of bacterial growth (Log 
IC50) was obtained, calculated by means of the following logistic model: 

Y = c
/ [

1 + eb ( a−x )
]

(1)  

where Y is the incorporation of leucine (bacterial community growth) 
observed at each added antibiotic concentration, x is the logarithmic 
value of the added antibiotic concentration, a is logarithm of IC50 (Log 
IC50), b is a parameter related to the slope of the inhibition curve, and c is 
the bacterial growth rate observed in the control sample (without 
antibiotic). High values obtained for Log IC50 indicate low antibiotic 
toxicity, as a high concentration is needed to inhibit 50% of the bacterial 
population, while low Log IC50 values indicate high antibiotic toxicity. 
Figures were drawn and calculations performed using Synergy Software 
KaleidaGraph. 

Table 3 
Main chemical characteristics of the soil used in the 
study.  

Parameter Soil 

%C 1.2 
%N 0.1 
%sand 45.5 
%silt 40.1 
%clay 14.5 
pHW 5.4 
pHKCl 3.8 
Ke (cmol(þ) kg¡1) 3.0 
Cae (cmol(þ) kg¡1) 0.6 
Mge (cmol(þ) kg¡1) 0.2 
Nae (cmol(þ) kg¡1) 3.2 
Ale (cmol(þ) kg¡1) 1.0 
eCEC (cmol(þ) kg¡1) 7.9 
CuT (mg kg ¡1) 41 
AsT mg kg¡1 34 

pHW is pH measured in water; pHKCl is pH measured in 
0.1 M KCl; eCEC is the effective Cation Exchange Ca-
pacity (cmol(+) kg−1); Xe: exchangeable concentration 
of the element; XT: total concentration of the element. 
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3. Results and discussion 

3.1. Changes in soil characteristics after adding the bio-adsorbents 

The amendment of soils with PB, CMS, and BA caused changes in the 
physicochemical characteristics of the soil. The pH value of the bacterial 
suspension was 6.0 in the control sample (the dose of bio-adsorbents 
being 0 mg kg−1). The pH variations measured after amending the soil 
with different doses of the bio-adsorbents are shown in Table S1 (Sup-
plementary Material). 

The addition of CMS (pH = 9.4) caused increases of 0.5 units when 
the dose of this bio-adsorbent was 6 g kg−1, and of 1.6 units when the 
dose was 48 g kg−1. The addition of PB (pH = 4.0) caused that the pH 
value decreased 0.2 units when the dose was 6 g kg−1 and 0.5 units when 
the maximum PB dose (48 g kg−1) was added. Finally, the amendment 
with BA (pH = 11.3) caused the highest increases in pH, reaching 1.4 
units for the dose of 6 g kg−1 and of 4.1 units for the dose of 48 g kg−1. As 
for the mixtures of bio-adsorbents, the increases in pH were lower than 
when the bio-adsorbents were applied individually. Specifically, the 
CMS + PB amendment increased pH from 0.4 to 1.5 units for doses of 
6–48 g kg−1 respectively. Finally, the addition of PB + BA to soils 
increased pH values from 0.8 units (with the dose of 6 g kg−1) to 2.9 
units (with the dose of 48 g kg−1). As a result, the sequence of highest to 
lowest pH values when the concentration of bio-adsorbent added was 
48 g kg−1 was as follows: BA > PB + BA > CMS ≥ CMS + PB > PB. 

3.2. Effect of PB, CMS, and BA amendments on antibiotic toxicity 
affecting bacterial community growth 

In general, sigmoidal dose-response curves were obtained, indicating 
that, as the concentration of antibiotics added increased, the growth of 
soil bacterial communities decreased. Regarding the dose-response 
curves, 3 different behaviors can be observed: The dose-response 
curve shifts to the right with respect to the control, this means that 
the toxicity of the antibiotic on the bacterial communities of the soil 
decreases. On the other hand, if the displacement of the curves is to the 
left with respect to the control, the toxicity that the antibiotic exerts on 
the bacterial communities of the soil increases. Finally, there may not be 
a displacement of the dose-response curves, therefore, the effect exerted 
by the antibiotics on the bacterial communities of the soil with respect to 
the control does not vary. The dose-response curves obtained show a 
different behavior depending on the antibiotics family, as detailed in the 
subsections below. 

3.2.1. β-Lactams: amoxicillin and cefuroxime 
The dose response curves obtained for AMX and CXM after the 

addition of the different doses of the bio-adsorbents are shown in Fig. 1. 
In general, two different behaviors can be observed depending on the 
bio-adsorbent added. On the one hand, the dose-response curves ob-
tained for these antibiotics move to the right with respect to the control 
in response to the addition of PB and BA, meaning that the toxicity 
exerted by AMX and CXM decreases with the addition of these bio- 
adsorbents, showing a further decrease in toxicity for the highest dose 
tested (48 g kg−1). On the other hand, the addition of CMS does not 
cause a clear shift in the dose-response curves, indicating that this bio- 
adsorbent does not modify the toxicity exerted by AMX and CXM on 
soil bacterial communities with respect to the control. 

Fig. 1 shows the dose-response curves corresponding to the treat-
ments with two mixtures of bio-adsorbents (CMS + PB and PB + BA). 
The addition of CMS + PB and PB + BA to the soil caused similar effects 
to those observed after adding PB and BA separately, with AMX and 
CXM toxicities decreasing due to these two mixtures, and the highest 
reduction associated to their maximum concentrations added (48 g 
kg−1). 

The dose-response curves were well described by the logistic model 
(Eq. (1)), obtaining R2 values between 0.993 and 0.999 (mean = 0.997) 

for AMX and CXM. From the dose-response curves, estimated Log IC50 
values were obtained for each antibiotic, bio-adsorbent and dose. The 
magnitude in the reduction of the toxicity exerted by AMX and CXM 
depending on the by-product is given by the values of Log IC50 obtained 
for each of the doses and antibiotic studied, with data presented in 
Table S2 (Supplemtary Material). The Log IC50 values obtained for the 
control sample (without addition of bio-adsorbent, dose 0 g kg−1) were 
2.10 ± 0.07 for AMX, and 1.63 ± 0.08 for CXM, indicating that CXM 
caused higher toxicity on soil bacterial communities than AMX. 

The addition of different doses of CMS to the soil did not cause sig-
nificant differences in the estimated Log IC50 values for AMX and CXM 
with respect to the control, meaning that the addition of CMS hardly 
affects the toxicity of AMX and CXM on the growth of soil bacterial 
communities. Furthermore, the decrease in toxicity of AMX and CXM 
following the amendment of PB takes place at doses ≥12 g kg−1 for AMX 
and ≥24 g kg−1 for CXM, with percentage decrease ranging 15–30% for 
AMX and 21–38% for CXM. As for the addition of BA to soil, the decrease 
in AMX toxicity occurs from the lowest BA doses tested (≥6 g kg−1), 
reaching a value of percentage decrease ≥17%. For CXM toxicity, the 
only significant decrease corresponded to the highest dose of BA tested 
(48 g kg−1), and reached 52%. 

For the mixtures (Table S2 (Supplemtary Material)), the estimated 
Log IC50 values for CMS + PB showed a decrease in AMX toxicity from 
7% to 24% for doses ≥24 g kg−1, while for CXM the decrease was 35% 
for the dose of 48 g kg−1. The mixture PB + BA was the most effective to 
reduce the toxicity of AMX and CXM, since doses ≥6 g kg−1 decreased 
their toxicities decreases from 18 to 34% for AMX, and from 19 to 54% 
for CXM. 

These two behaviors had already been observed by Santás-Miguel 
et al. (2020) and Santás-Miguel et al. (2021), who studied the effect of 
PB, CMS and BA on the growth of soil bacterial communities after the 
addition of the antibiotics tetracycline, oxytetracycline and chlortetra-
cycline. These studies concluded that the addition of PB and BA 
decreased the toxicity of tetracycline antibiotics on bacterial growth, 
while CMS did not decrease toxicity. 

The reduction of AMX and CXM toxicities on soil bacterial commu-
nities can be attributed to the increase in organic matter content due to 
PB (which has C = 47%). In fact, organic matter has a fundamental role 
in the adsorption of some antibiotics, such as tetracyclines (Gu et al., 
2007; Zhao et al., 2011; Fernández-Calviño et al., 2015) and β-lactams 
onto soils (Kim et al., 2012; Balarak et al., 2017; Cela-Dablanca et al., 
2021, 2022a; 2022b). This increased adsorption reduces the bioavail-
ability of the antibiotics in the soil and therefore their toxicity. 

As for BA (with pH = 11.3), the change in pH after the addition of 
this bio-adsorbent (Table S1; Supplemtary Material) may affect the 
chemical speciation of antibiotics present in the soil (Table 4). After the 
addition of different doses of BA, the species are predominantly in 
anionic for AMX (AMX−1), and as zwitterion for CXM (CXM0). Anionic 
forms hinder the passage of the antibiotics through the cellular mem-
brane, due to the existence of Donnan equilibrium (Stock et al., 1977), 
causing lesser toxicity of the molecules as high is the presence of these 
anionic species in soils. In addition, zwitterion species can interact more 
easily with soil carbon and with carbon atoms provided by BA (Cela--
Dablanca et al., 2021, 2022a; 2022b), decreasing the bioavailability of 
these antibiotics and their toxicity to soil bacterial communities, which 
is more pronounced at higher doses of BA. 

However, CMS (with pH = 9.4) did not reduce the toxicity of the 
antibiotics regardless of its dose added to the soil. The addition of CMS 
to soil caused a lower increase in pH than that observed for BA (Table S1; 
Supplemtary material), and the AMX species that predominate are 
zwitterion (AMX0) for doses ≤12 g kg−1, and anionic (AMX−1) for doses 
>12 g kg−1 (Table 4). In addition, for CXM, the predominant chemical 
species is zwitterion (CXM0) (Table 4). These changes in chemical spe-
cies generated by CMS were not sufficient to modify the toxicities on soil 
bacterial communities caused by AMX and CXM. 
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Fig. 1. Dose-response curves as regards the effects exerted by the antibiotics amoxicillin (AMX) and cefuroxime (CXM) on soil bacterial communities in the presence 
of the three bio-adsorbents studied: crushed mussel shell (CMS), pine bark (PB), and biomass ash (BA), added separately and mixtures. 
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3.2.2. Macrolides: azithromycin and clarithromycin 
The results of the dose-response curves obtained corresponding to 

AZI and CLA for the different bio-adsorbents and doses are shown in 
Fig. 2. In general, no inhibition in the growth of soil bacterial commu-
nities took place for the antibiotic AZI in the control sample (dose of bio- 
adsorbent 0 g kg−1). The addition of CLA to control soil (dose of bio- 
adsorbent 0 g kg−1) caused a slight inhibition of the bacterial growth. 

The dose-response curves corresponding to the soil samples amended 
with CMS and BA (Fig. 2) show increased toxicities on soil bacterial 
communities due to AZI and CLA. In general, AZI and CLA toxicities 
increase with the dose of the bio-adsorbents, evidenced by higher shift to 
the left in these curves (Fig. 2). In contrast, the PB amendment did not 
cause changes in CLA toxicity for any of the doses added to the soil. A 
similar behavior is observed for AZI, although with a slight inhibition of 
bacterial growth taking place at the highest dose of PB (48 g kg−1) added 
to the soil. 

For the two mixtures of bio-adsorbents (Fig. 2), both CMS + PB and 
PB + BA increased the toxicity of AZI and CLA on soil bacterial com-
munities. In general, AZI and CLA toxicities increased with their doses, 
causing higher displacement to the left in the dose-response curves as 
the doses added increased (Fig. 2). 

The dose-response curves obtained were well described by the lo-
gistic model (Eq. (1)), obtaining R2 values between 0.987 and 0.999 
(mean = 0.995) for AZI and CLA. Log IC50 values were estimated from 
the dose-response curves obtained for each antibiotic, bio-adsorbent, 
and dose (Table S3; Supplementary material). The Log IC50 value of 
the control sample (0 g kg−1) contaminated with AZI could not be 
estimated, since the soil bacterial communities were not affected by the 
presence of AZI. However, the Log IC50 value estimated for CLA was 4.2 
± 0.1. In view of that, CLA showed higher toxicity than AZI to soil 
bacterial communities. 

The amendment of the soil with the different doses of the by- 
products increased the toxicity exerted by AZI and CLA on the bacte-
rial communities of the soil and, therefore, the values of Log IC50 
decreased with the dose (Table S3; Supplementary material). 

When the soil samples were amended with BA, the Log IC50 values 
estimated for AZI showed an increase in the toxicity for the lowest dose 
tested (6 g kg−1), with Log IC50 reaching 3.5 ± 0.04. These Log IC50 

values decreased progressively with the dose of BA, reaching 1.7 ± 0.08 
when the highest dose (48 g kg−1), indicating that the maximum dose of 
BA added to the soil was associated to the highest toxicity of AZI. The 
amendment with CMS increased toxicity when added at doses of 12 g 
kg−1, with Log IC50 values achieving 3.6 ± 0.06. Log IC50 values cor-
responding to AZI decreased after the addition of CMS, meaning that AZI 
toxicity to soil bacterial communities increased, reaching 2.5 ± 0.04 for 
the highest dose (48 g kg−1) of CMS of. Finally, the addition of PB to the 
soil samples only increased the toxicity of AZI on soil bacterial com-
munities when added at the highest dose tested (48 g kg−1), with a Log 
IC50 value of 3.7 ± 0.09. 

Regarding the bio-adsorbent mixtures (Table S3; Supplementary 
material), the toxicity of AZI after the addition of PB + BA was similar to 
that observed for BA, with AZI showing an increase in its toxicity for the 
dose of 6 g kg−1 of the mixture (Log IC50 value of 3.8 ± 0.08), and then 
progressively decreasing up to 1.7 ± 0.12 (for the dose of 48 g kg−1). 
Finally, the CMS + PB mixture caused increases in the toxicity of AZI on 
the soil bacterial communities rising with the dose, obtaining Log IC50 
values of 4.3 ± 0.16 at doses of 12 g kg−1, and reaching 3.0 ± 0.04 for 
the dose of 48 g kg−1. 

As for the Log IC50 values estimated for CLA (Table S3; Supple-
mentary material), the amendment with the lowest dose tested (6 g 
kg−1) increased the toxicity of CLA on soil bacterial communities, with 
very similar Log IC50 values for CMS (3.7 ± 0.08), for PB (3.8 ± 0.04), 
and for BA (3.3 ± 0.05). The toxicity exerted by CLA on the bacterial 
communities increased as a function of the dose of any of the bio- 
adsorbents added. Specifically, when the highest dose of the bio- 
adsorbents (48 g kg−1) was added, the following lowest Log IC50 
values were reached: 2.0 ± 0.09 for CMS, 3.6 ± 0.04 for PB, and 1.5 ±
0.09 for BA. 

The effects of the addition of the CMS + PB and PB + BA were similar 
to that observed for the bio-adsorbents added separately, showing an 
increase in CLA toxicity from the lowest concentration tested (6 g kg−1) 
(Table S3; Supplementary material). For that dose, the Log IC50 values 
obtained were 3.4 ± 0.05 for CMS + PB, and 3.1 ± 0.05for PB + BA. 
These Log IC50 values decreased to 2.8 ± 0.07 for CMS + PB and to 2.3 
± 0.12 for PB + BA when the dose added was 48 g kg−1. 

This increase in the toxicity exerted by AZI and CLA with the dose of 
the bio-adsorbent added separately and in mixtures may be due to the 
reduction in the degree of degradation affecting to these antibiotics as a 
result of increasing the pH of the solution (Sayadi et al., 2019; Rodrí-
guez-López et al., 2021), which would be caused by the bio-adsorbents. 
Sayadi et al. (2019) studied the effects of changing pH values on the 
degradation rate of azithromycin in the presence of nanoparticles, and 
concluded that the degradation of AZI was greater by decreasing the pH 
(maximum degradation of AZI at pH = 3). Rodríguez-López et al. (2021) 
studied the degradation of CLA in water at different pH values (4, 5.5, 
and 7), and also concluded that CLA degradation was lower when the pH 
increased. Therefore, increasing the pH of the solution due to the 
bio-adsorbent amendments that cause such kind of effect (increasing the 
pH of the soil) will decrease the degradation of AZI and CLA in the soils 
receiving these amendments. In addition, AZI adsorption suffers a 
slightly decrease with the rise in pH (Sayadi et al., 2019), causing that, at 
high pH, AZI will be more bioavailable for soil bacterial communities 
and therefore its toxicity will increase. In this sense, AZI and CLA tox-
icities on bacteria at different pH was studied by several authors (Neu, 
1991; Heifets et al., 1992; Rastogi and Goh, 1992), who observed that 
the minimal inhibitory concentration (MIC) of AZI and CLA decreased 
with the increase in pH, indicating that the toxicity of AZI and CLA 
increased with the increase in pH. 

3.2.3. Fluoroquinolones: ciprofloxacin 
Fig. 3 shows the results corresponding to the dose-response curves 

obtained after the addition of CIP to the soil, for the different doses of the 
individual bio-adsorbents and mixtures. In general, these curves shift to 
the left with respect to control in the case of all the bio-adsorbents added 

Table 4 
Percentage of amoxicillin (AMX) and cefuroxime (CXM) species for different pH 
values measured in the soil samples amended with crushed mussel shell (CMS), 
pine bark (PB), and biomass ash (BA), and their mixtures (CMS + PB and PB +
BA). Average values (n = 3) with coefficients of variation always <5%. The 
values were calculated using pKa 3.23–7.22 for AMX and using pKa 2.5 for CXM.   

Dose (g 
kg−1) 

pH AMX+1 AMX0 AMX−1 CXM+1 CXM0  

0 6.0 0.20 94.20 5.70 0.03 99.97 

CMS 6 6.5 0.05 83.96 16.00 0.01 99.99 
12 7.1 0.01 56.86 43.13 0.00 100.00 
24 7.5 0.00 34.42 65.58 0.00 100.00 
48 7.7 0.00 24.88 75.12 0.00 100.00 

PB 6 5.8 0.26 96.09 3.65 0.05 99.95 
12 5.8 0.26 96.09 3.65 0.05 99.95 
24 5.7 0.33 96.75 2.92 0.06 99.94 
48 5.5 0.52 97.62 1.86 0.10 99.90 

BA 6 7.4 0.00 39.78 60.21 0.00 100.00 
12 8.5 0.00 4.99 95.01 0.00 100.00 
24 9.2 0.00 1.04 98.96 0.00 100.00 
48 10.1 0.00 0.13 99.87 0.00 100.00 

CMS þ
PB 

6 6.5 0.05 83.96 16.00 0.01 99.99 
12 6.8 0.02 72.44 27.54 0.01 99.99 
24 7.1 0.01 56.86 43.13 0.00 100.00 
48 7.5 0.00 34.42 65.58 0.00 100.00 

PB þ
BA 

6 6.9 0.01 67.62 32.37 0.00 100.00 
12 7.4 0.00 39.78 60.21 0.00 100.00 
24 8.0 0.00 14.23 85.77 0.00 100.00 
48 8.9 0.00 2.05 97.95 0.00 100.00  
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Fig. 2. Dose-response curves as regards the effects exerted by the antibiotics azithromycin (AZI) and clarithromycin (CLA) on the soil bacterial community in the 
presence of the three bio-adsorbents studied: crushed mussel shell (CMS), pine bark (PB), and biomass ash (BA), added separately and mixtures. 
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separately (CMS, PB and BA) and their mixtures (CMS + PB and PB +
BA), indicating that the toxicity of CIP increases with the dose of these 
materials. 

The dose-response curves were well described by the logistic model 
(Eq. (1)), obtaining R2 values from 0.910 to 0.995 (mean = 0.990). The 
dose-response curves were used to estimate the Log IC50 values obtained 
for all the bio-adsorbents and doses tested (Table S4; Supplementary 
Material). The Log IC50 value estimated for the control sample (0 g kg−1) 
was 3.9 ± 0.04. 

In general, the values of Log IC50 obtained show that the addition of 
doses ≥6 g kg−1 of CMS and BA increase the toxicity of CIP on soil 
bacterial communities. These increases in CIP toxicity with respect to 
the control ranged from 5% to 20% for CMS, and from 14% to 21% for 
BA. The soil amendment with PB also caused increases in CIP toxicity at 
doses ≥6 g kg−1, although these increases were lower than those 
observed for CMS and BA, and ranged from 2% to 6%. As regards the 
mixtures (CMS + PB and PB + BA), their addition to the soil samples 
caused effects similar to those observed after amending with the bio- 
adsorbents separately, namely the doses of ≥6 g kg−1 increased CIP 
toxicity from 4% to 18% in the case of CMS + PB, and from 4% to 23% 
for PB + BA. 

The effects of CIP on soil bacterial communities after the addition of 
the bio-adsorbents can be attributed to two fundamental reasons: i) The 
first one is that CIP is highly adsorbed at pH between 4 and 7–8, with 
maximum adsorption at pH between 5.5 and 6 (Vasudevan et al., 2009; 
Jalil et al., 2015); therefore, those bio-adsorbents that cause a modifi-
cation of soil pH can modify the adsorption of CIP on soil colloids; in 
addition, the mechanisms of CIP adsorption in soils are intimately linked 
to the pH of the solution, and this will condition the solubility of the 
antibiotic; it should be noted that CIP has higher solubility at pH < 5 and 
pH > 9 (Jalil et al., 2015), compared to intermediate pH values; as for 
the high adsorption shown by CIP, it has also been observed in 

bio-adsorbents such as nanotubes (Li et al., 2014), oat hulls (Movasaghi 
et al., 2019) and in mineral components of soils such as clays (Jalil et al., 
2015); therefore, the higher the solubility of CIP, the lower the 
adsorption on the soil colloids and the more bioavailable is for the soil 
bacterial communities, showing a higher toxicity. ii) The second reason 
is that the increased toxicity of CIP on soil bacterial communities with 
the dose of bio-adsorbents added could also be due to the fact that at 
extreme pH values (where CIP is more soluble) the degradation of CIP 
can also be increased (De Bel et al., 2009) and, therefore, secondary 
metabolites can be generated (Girardi et al., 2011) that may be more 
toxic than the original CIP compound; the toxicity of secondary me-
tabolites on organisms has been tested for other antibiotics by several 
authors (Cáceres et al., 2008; Baumann et al., 2015; Xu et al., 2019). 

3.2.4. Diaminopyrimidines: trimethoprim 
Fig. 4 shows the results of the response dose curves obtained after the 

addition of TMP to the soil, for the different doses of the bio-adsorbents 
added separately and in mixtures. The control sample (0 g kg−1) did not 
show inhibition of bacterial growth as a function of the increase in the 
TMP concentration, therefore no dose-response curve was obtained for 
this sample. 

In general, the addition of CMS and BA to the soil samples caused 
toxicities that increased with the dose of bio-adsorbent, obtaining 
maximum inhibition for the highest dose, and a displacement of the 
dose-response curves to the left. Specifically, the PB amendment caused 
a shift to the left for doses of PB ≥ 24 g kg−1, with slight inhibition on the 
growth of soil bacterial communities due to TMP. 

With regard to the mixtures (CMS + PB and PB + BA), the dose- 
response behavior was similar to that shown for CMS and BA amend-
ments added separately to the soil samples, with a shift to the left of the 
curves, although the magnitude of this displacement was lesser than that 
found for CMS and BA added individually. 

Fig. 3. Dose-response curves as regards the effects exerted by the antibiotic ciprofloxacin (CIP) on the soil bacterial community in the presence of the three bio- 
adsorbents studied: crushed mussel shell (CMS), pine bark (PB), and biomass ash (BA), added separately and mixtures. 
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The dose-response curves obtained were well described by the lo-
gistic model (Eq. (1)), with R2 values of 0.987–0.998 (mean = 0.989). 
The Log IC50 values obtained for TMP from the dose-response curves, 
after the addition of the different doses of bio-adsorbents and their 
mixtures are shown in Table S5 (Supplementary Material). As stated 
above, the addition of TMP to the soil did not generate inhibition of soil 
bacterial communities in the control sample, and therefore the Log IC50 
of the control sample (0 g kg−1) could not be estimated. 

The magnitude of the increase in the toxicity exerted by TMP on the 
bacterial growth was dependent on the type and dose of bio-adsorbent 
added. The amendment with CMS caused increased toxicity of TMP at 
doses ≥12 g kg−1, with a Log IC50 value of 3.8 ± 0.10. This value of Log 
IC50 was progressively lowering with the dose of CMS added, up to 3.6 
± 0.07 (for dose of 48 g kg−1), indicating that the toxicity of TMP on soil 
bacterial communities increased with the dose of that bio-adsorbent. 
Furthermore, the PB amendment caused a slight increase in TMP 
toxicity for the two highest doses tested (24 and 48 g kg−1), with Log 
IC50 values of 3.8 ± 0.10 and 3.7 ± 0.14. As for the BA amendment, it 
caused an increase in the toxicity due to TMP at the lowest dose tested 
(6 g kg−1), with a Log IC50 value of 3.8 ± 0.06. The Log IC50 value 
estimated for the maximum dose of BA tested (48 g kg−1) was 3.7 ±

0.12. 
Regarding the bio-adsorbent mixtures, the CMS + PB amendment 

caused increased toxicity on bacterial communities due to TMP when 
added at doses ≥12 g kg−1, reaching a value of 3.9 ± 0.15 for Log IC50, 
and being 3.9 ± 0.14 for the dose of 48 g kg−1. Finally, the amendment 
with PB + BA caused increased toxicity due to TMP for the highest doses 
added (24 and 48 g kg−1), with estimated Log IC50 values of 4.9 ± 0.22 
and 3.8 ± 0.07, respectively. 

The increased TMP toxicity on soil bacterial communities after the 
addition of some of the amendments may be due to the TMP species 
present at different pH values (Table 5). The amendment with PB caused 

a decrease in soil pH, and it should be noted that the TMP species that 
predominate at pH between 5.8 and 5.5 is cationic (TMP+1) (Table 5). 
Cationic species show reduced permeation across cellular membrane 
(Fresta et al., 1996), with just favored passage through certain porins 
located in the membrane (Hancock and Bell, 1989), as previously 

Fig. 4. Dose-response curves as regards the effects exerted by the antibiotic trimethoprim (TMP) on the soil bacterial community under the presence of the three bio- 
adsorbents: crushed mussel shell (CMS), pine bark (PB), and biomass ash (BA), added separately and mixtures. 

Table 5 
Percentage of trimethoprim (TMP) species for different pH values measured in 
the soil amended with crushed mussel shell (CMS), pine bark (PB) and biomass 
ash (BA), and their mixtures (CMS + PB and PB + BA). Average values (n = 3) 
with coefficients of variation always <5%. The values were calculated using pKa 
7.16   

Dose (g kg−1) pH TMP+1 TMP0  

0 6.0 93.5 6.5 

CMS 6 6.5 82.05 17.95 
12 7.1 53.45 46.55 
24 7.5 31.37 68.63 
48 7.7 22.38 77.62 

PB 6 5.8 95.82 4.18 
12 5.8 95.82 4.18 
24 5.7 96.65 3.35 
48 5.5 97.86 2.14 

BA 6 7.4 36.53 63.47 
12 8.5 4.37 95.63 
24 9.2 0.90 99.10 
48 10.1 0.11 99.89 

CMS þ PB 6 6.5 82.05 17.95 
12 6.8 69.61 30.39 
24 7.1 53.45 46.55 
48 7.5 31.37 68.63 

PB þ BA 6 6.9 64.54 35.46 
12 7.4 36.53 63.47 
24 8.0 12.63 87.37 
48 8.9 1.79 98.21  
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described for tetracyclines. 
In addition, the amendment with the bio-adsorbents characterized 

by having alkaline pH (CMS and BA) increased the presence of the TMP 
zwitterionic species (TMP0) compared to the cationic ones (Table 5). 
Zwitterionic species are those that show greater penetration through the 
cellular membrane of bacteria (Fresta et al., 1996) and, therefore, TMP 
shows greater toxicity on soil bacterial communities in the presence of 
these chemical species. Therefore, bio-adsorbents that increase soil pH 
also increase the toxicity exerted by TMP on soil bacterial communities, 
which is more marked at higher doses added, as the proportion of 
zwitterionic species in solution will be higher. 

4. Conclusions 

Variations in toxicity to soil bacterial communities as a function of 
the added bio-adsorbent show similar behaviors as a function of the 
antibiotic family studied. In this research, the amendment of soil sam-
ples with pine bark (PB) and biomass ash (BA) was effective in reducing 
the toxicity on soil bacterial communities exerted by the β-lactam an-
tibiotics studied (AMX and CXM), whereas the amendment with crushed 
mussel shell (CMS) did not decrease the toxicity of these antibiotics. The 
amendment with bio-adsorbent mixtures (CMS + PB and PB + BA) 
reduced the toxicity of AMX and CXM more effectively than the addition 
of the bio-adsorbents separately at high doses. The increase in carbon in 
the soil and the variation in the chemical species of AMX and CXM, 
caused by the increase of the pH, could be the cause of the decrease in its 
toxicity on the soil bacterial communities. Soil amendment with by- 
products that increase the soil pH (CMS, BA, CMS + PB and PB + BA), 
increased the toxicity on soil bacterial communities of the macrolide 
antibiotics studied (AZI and CLA), as a function of the dose added, while 
the PB amendment only caused a slight increase in the toxicity of AZI 
and CLA when added at the highest dose (48 g kg−1). The toxicity on soil 
bacterial communities due to CIP (a fluoroquinolone) increased with the 
addition of all the bio-adsorbents and mixtures tested (CMS, PB, BA, 
CMS + PB and PB + BA), although the mixtures caused higher toxicity. 
The increase of the pH in the soils reduces the sorption of CIP in the soils, 
being bioavailable for the microorganisms of the soil. Finally, the 
toxicity on soil bacterial communities due to TMP (a diaminopyr-
imidines) was slightly increased with the addition of the bio-adsorbents 
and their mixtures and was higher with rising doses. For the future, it 
would be interesting to investigate other low-cost by-products such as 
biochar o microalgae, which could be assessed as potential bio- 
adsorbents, studying their effectiveness to reduce the harmful effects 
that antibiotics and/or other emerging pollutants may cause in the 
environment and in human health. 
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L. Rodríguez-González et al.                                                                                                                                                                                                                  

https://doi.org/10.1016/j.envpol.2023.121161
https://doi.org/10.1016/j.envpol.2023.121161
https://doi.org/10.1093/jac/dkr457
https://doi.org/10.1093/jac/dkr457
https://doi.org/10.1016/j.jphotochem.2017.08.054
https://doi.org/10.1016/j.jphotochem.2017.08.054
https://doi.org/10.1016/j.scitotenv.2021.152864
https://doi.org/10.1007/BF00182410
https://doi.org/10.1016/S0038-0717(01)00073-6
https://doi.org/10.1016/S0038-0717(01)00073-6
http://refhub.elsevier.com/S0269-7491(23)00163-X/sref6
http://refhub.elsevier.com/S0269-7491(23)00163-X/sref6
http://refhub.elsevier.com/S0269-7491(23)00163-X/sref6
https://doi.org/10.1016/j.chemosphere.2014.05.089
https://doi.org/10.1016/j.chemosphere.2014.05.089
https://doi.org/10.1016/j.scitotenv.2008.03.022
https://doi.org/10.1016/j.scitotenv.2008.03.022
https://doi.org/10.1016/j.envres.2022.112753
https://doi.org/10.3390/ma15093200
https://doi.org/10.3390/ma15093200
https://doi.org/10.3390/pr9071151
https://doi.org/10.3390/pr9071151
https://doi.org/10.1093/cid/ciw475


Environmental Pollution 322 (2023) 121161

11

Cycoń, M., Mrozik, A., Piotrowska-Seget, Z., 2019. Antibiotics in the soil 
environment—degradation and their impact on microbial activity and diversity. 
Front. Microbiol. 10, 338. https://doi.org/10.3389/fmicb.2019.00338. 

De Bel, E., Dewulf, J., De Witte, B., Van Langenhove, H., Janssen, C., 2009. Influence of 
pH on the sonolysis of ciprofloxacin: biodegradability, ecotoxicity and antibiotic 
activity of its degradation products. Chemosphere 77 (2), 291–295. https://doi.org/ 
10.1016/j.chemosphere.2009.07.033. 

Ding, H., Wu, Y., Zou, B., Lou, Q., Zhang, W., Zhong, J., Lu, L., Dai, G., 2016. 
Simultaneous removal and degradation characteristics of sulfonamide, tetracycline, 
and quinolone antibiotics by laccase-mediated oxidation coupled with soil 
adsorption. J. Hazard Mater. 307, 350–358. https://doi.org/10.1016/j. 
jhazmat.2015.12.062. 

European Commission, 2015. Commission Implementing Decision (EU) 2015/495 of 20 
March 2015 establishing a watch list of substances for Union-wide monitoring in the 
field of water policy pursuant to Directive 2008/105/EC of the European Parliament 
and of the Council. Off. J. Eur. Union 78, 20–30. C (2015) 1756.  

Fernández-Calviño, D., Garrido-Rodríguez, B., Arias-Estévez, M., Díaz-Raviña, M., 
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