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Abstract
The multiclass determination of antibiotic residues in the soil is challenging because of its complex physicochemical proper-
ties. In this study, a simple analytical method was developed to simultaneously extract and determine 58 antibiotics from the 
soil. A novel acidity-regulated extraction-partition-concentration protocol was established for the simultaneous extraction of 
five classes (23 sulfonamides, 18 quinolones, five tetracyclines, eight macrolides, and four chloramphenicols) of antibiotics 
from the soil. Compared to traditional methods, the sample preparation efficiency was significantly improved by four times 
(45 min vs. 230 min) by optimizing the extraction method and omitting the time-consuming solid-phase extraction (SPE) 
procedure. The ultra-high-performance liquid chromatography–tandem mass spectrometry (UHPLC-MS/MS) method was 
optimized to determine the 58 antibiotics in a single run by applying positive/negative switching acquisition mode in less 
than 10 min with the baseline separation of sulfameter and sulfamethoxypyridazine. Suitable recoveries, ranging between 60 
and 120%, were obtained for most antibiotics, with RSD <20%. The limits of quantification (LOQ) of the method were 2 μg/
kg and 5 μg/kg. Thus, this study provides a simple, reliable, and economical method for accurately and rapidly determining 
a multiclass of antibiotics in the soil.
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Introduction

Antibiotics have been widely used worldwide for veteri-
nary and human therapy and in the agricultural sector as 
feed additives [1, 2]. Livestock breeding usage reportedly 
accounts for over 70% of global antibiotic consumption 
[3]. After antibiotics are administered to animals, 30–90% 
of them are released into the environment via excretion of 
feces and urine, and a significant percentage of these excre-
tions remain in unchanged and active forms [1, 4]. Antibiot-
ics can enter farmland soil from the use of animal manure 
and manure-based fertilizers in agricultural practices and 
reclaimed wastewater for irrigation [5]. The presence of 

antibiotics in animal manure and the subsequent high resi-
due levels in farmland soil have become major concerns 
[6, 7]. High residue levels of antibiotics, especially tetracy-
clines and quinolones, in farmland soil have been reported 
in numerous studies [8, 9]. Residues of antibiotics in the soil 
can pose a severe threat to ecological safety by spreading 
antibiotic resistance genes [10–12] and affecting the struc-
ture and function of soil microbial communities [3, 13]. In 
addition, residual antibiotics in the soil can be transported 
and accumulated in plants, leading to potential human expo-
sure [2, 14]. Therefore, monitoring antibiotic residues in the 
soil is critical for evaluating their potential ecological risk.

Antibiotics are ionic, polar organic compounds contain-
ing many ionic functional groups and acid dissociation 
constants (pKa). The sulfonamides show characteristics 
of either weak alkali due to aniline nitrogen (pKa values 
5–11) or weak acids due to the N-H bond of the sulfonamide 
group (pKa values 2–3) [15]. Quinolones have carboxylic 
acid groups (pKa values 4.3–6.3) and one or more amine 
functional groups (pKa values 7.6–9.3). Tetracyclines have 
three pKa values (~3.3, 7.7, and 9.3). Macrolides have one or 
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two amine groups (pKa values 7.1–9.4). Chloramphenicols 
have one or two amine groups (approximate pKa value 11). 
Therefore, cationic, anionic, and zwitterionic forms will be 
present for these antibiotics in the medium depending on the 
pH values. These antibiotics can be adsorbed into the soil 
by cation exchange, surface complexation, cation bridging, 
and hydrogen bonding [16]. Strong adsorption is generally 
observed for antibiotics, especially quinolones and tetracy-
clines [17]. Therefore, multiple extractions or pressurized 
liquid extraction (PLE) is generally required to guarantee 
satisfactory extraction efficiency [15, 18–20]. In addition, 
some antibiotics are unstable under acidic or/and alkaline 
conditions, such as sulfonamides and macrolides. As a 
result, determining multiclass antibiotic residues in the soil 
has long remained a challenge. Traditionally, solid-liquid 
extraction is the most popular analytical method for deter-
mining antibiotic residues in soil and other solid samples 
[15, 18, 21–23]. This methodology involves multiple extrac-
tions of the target analytes in soil using a buffer or buffer/
organic mixed solvent, followed by solid-phase extraction 
(SPE) clean-up and concentration. Another commonly used 
method is pressurized liquid extraction (PLE), followed by 
SPE concentration and clean-up because of the enhanced 
extraction efficiency for quinolones and tetracyclines com-
pared to that by the solid-liquid extraction method [19, 24, 
25]. As PLE extraction requires a specific instrument and the 
procedures are complicated and tedious, ultrasonic extrac-
tion is reportedly used to extract antibiotics from soil and 
sediment [22, 26]. Although relatively stable and acceptable 
recovery and accuracy can be obtained by these methods, the 
disadvantages are apparent. These methods are complicated 
and time-consuming, making sample preparation inefficient.

To overcome this disadvantage, a quick, easy, cheap, 
effective, rugged, and safe (QuEChERS) methodology 
has been developed in recent years to simplify the sample 
preparation by omitting the tedious SPE procedure [27–31]. 
This method generally involves acetonitrile extraction, fol-
lowed by dispersive SPE clean-up. However, the method 
performance of this method has been unsatisfactory thus far, 
owing to the complexity of the physicochemical properties 
of multiclass antibiotics. Only a limited number of analytes, 
mainly sulfonamides, chloramphenicols, and several other 
antibiotics, were applicable. In most cases, low recoveries 
were observed for most quinolones and tetracyclines due to 
low partition and extraction efficiency.

The objective of this study was to develop a new ana-
lytical method to improve the performance and extend the 
coverage of analyte types for the multi-residue analysis of 
antibiotics in soil. A novel acidity-regulated extraction-par-
tition-concentration protocol was proposed to realize the 
simultaneous extraction and determination of five classes of 
antibiotics in soil. The parameters of chromatographic sepa-
ration, buffer selection, extraction time and method, acidity 

regulation, and concentration were thoroughly optimized. 
The method was validated using five different types of 
soils, showing suitable performance in recovery, precision, 
linearity, and limits of quantification (LOQs). Finally, the 
proposed method was applied to determine paired farmland 
soil–vegetable samples near livestock breeding farms. This 
study provides a novel and simple method for the determina-
tion and risk assessment of antibiotic residues in the soil.

Material and methods

Reagent and materials

The 58 targeted antibiotics, including 23 sulfonamides, 
18 quinolones, five tetracyclines, eight macrolides, and 
four chloramphenicols (Table 1), were purchased from Dr. 
Ehrenstorfer (Augsburg, Germany). Stock solutions of the 
standards were prepared by dissolving each antibiotic in 
methanol at 1000 or 100 mg/L, according to the solubility 
of each compound. A standard working mixture solution was 
prepared in methanol (5 mg/L).

Methanol and acetonitrile were of HPLC grade and pur-
chased from Fisher Scientific (Fair Lawn, NJ, USA). The 
water was purified using a Milli-Q system (Millipore, Bill-
erica, MA, USA). Buffer salts and other chemicals including 
formic acid,  H3PO4,  KH2PO4, citric acid,  Na2HPO4, anhy-
drous  MgSO4, NaCl, disodium ethylenediamine tetraacetate 
dihydrate  (Na2EDTA·2H2O), and ammonia solution (7 M 
in methanol) were purchased from Shanghai Macklin Bio-
chemical Co., Ltd (Shanghai, China). Dispersive solid-phase 
extraction adsorbents (PSA and C18) and polypropylene 
centrifuge tubes (50 mL for extraction and 15 mL for dis-
persive solid-phase extraction) were purchased from Agilent 
Technologies (Santa Clara, CA, USA). Potassium phosphate 
buffer was prepared by dissolving 27.2 g  KH2PO4 and 1.35 
mL  H3PO4 in 1 L water.

Sample preparation

An aliquot of the soil sample (2 g) was accurately weighed 
into a 50 mL centrifuge tube.  Na2EDTA·2H2O (0.4 g) was 
added, followed by 10 mL of potassium phosphate buffer 
and 10 mL of acetonitrile (containing 5% formic acid). The 
tube was sealed, vortexed for 3 min using a multi-position 
vortexer, and then centrifuged for 5 min at 4000 rpm. All 
supernatants were transferred into another 50 mL centrifuge 
tube. The sample was extracted again with 10 mL of potas-
sium phosphate buffer and 10 mL of acetonitrile (containing 
5% formic acid) under the same conditions. The superna-
tants were combined in a tube, and 10 g of NaCl was added 
and vigorously shaken several times. The tube was centri-
fuged for 5 min at 4000 rpm to obtain phase separation. The 
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Table 1  Retention time and multiple reaction monitoring (MRM) parameters for selected antibiotics

Class Name RT (min) ionization mode MRM1a MRM2 DP (V) CE (eV)

Sulfonamides Sulfacetamide 3.95 ESI+ 215.0/156.0 215.0/108.0 52 15;29
Sulfisomidine 4.63 ESI+ 279.1/124.1 279.1/186.1 80 30;23
Sulfadiazine 4.60 ESI+ 251.1/156.0 251.1/108.1 63 22;34
Sulfathiazole 4.90 ESI+ 256.1/156.1 256.1/108.1 60 22;35
Sulfapyridine 5.17 ESI+ 250.1/156.0 250.1/184.1 65 23;23
Sulfamerazine 5.50 ESI+ 265.1/156.1 265.1/172.0 73 24;24
Sulfameter 5.99 ESI+ 281.1/156.1 281.1/108.1 70 25;35
Sulfadimidine 6.21 ESI+ 279.1/186.0 279.1/156.0 75 25;27
Sulfamethoxypyridazine 6.33 ESI+ 281.0/156.0 281.0/126.1 75 25;27
Sulfamethizole 6.04 ESI+ 271.0/156.1 271.0/108.0 65 21;36
Sulfadoxin 6.94 ESI+ 311.0/156.0 311.0/108.1 80 26;37
Sulfamethoxazole 6.69 ESI+ 254.1/156.0 254.1/108.0 70 23;32
Sulfamoxole 6.91 ESI+ 268.1/156.1 268.1/113.2 82 22;25
Sulfaguanidine 1.83 ESI+ 215.1/92.0 215.1/108.1 55 32;32
Sulfamonomethoxine 6.81 ESI+ 281.1/156.0 281.1/126.2 75 25;30
Sulfisoxazole 5.92 ESI+ 268.1/156.0 268.1/113.1 70 21;23
Sulfabenzamide 7.15 ESI+ 277.1/156.0 277.1/108.1 60 19;32
Sulfaquinoxaline 7.59 ESI+ 301.1/156.1 301.1/108.0 80 24;36
Sulfadimethoxine 7.47 ESI+ 311.3/156.1 311.3/218.0 100 28;28
Sulfanitran 8.03 ESI+ 336.1/156.1 336.1/294.0 60 22;22
Sulfachloropyridazine 6.77 ESI+ 285.1/156.0 285.1/108.1 65 22;37
Trimethoprim 5.76 ESI+ 291.1/230.1 291.1/123.1 95 33;34
Sulfaphenazole 7.38 ESI+ 315.0/156.0 315.0/108.0 90 27;40

Quinolones Ofloxacin 6.05 ESI+ 362.1/318.2 362.1/261.1 70 27;36
Danofloxacin 6.42 ESI+ 358.1/340.0 358.1/314.0 84 31;25
Enoxacin 6.11 ESI+ 321.1/303.4 321.1/232.2 45 35;48
Enrofloxacin 6.40 ESI+ 360.1/316.1 360.1/342.1 84 27;29
Difloxacin 6.64 ESI+ 400.1/356.0 400.1/382.1 91 27;31
Sarafloxacin 6.78 ESI+ 386.1/342.0 386.1/368.0 106 27;31
Sparfloxacin 7.05 ESI+ 393.1/349.0 393.1/292.0 45 30;38
Ciprofloxacin 6.35 ESI+ 332.1/288.1 332.1/245.1 80 25;33
Norfloxacin 6.21 ESI+ 320.1/302.0 320.1/276.1 91 27;23
Orbifloxacin 6.64 ESI+ 396.2/352.1 396.2/295.0 102 25;33
Lomefloxacin 6.57 ESI+ 352.0/265.0 352.0/308.1 80 33;28
Cinoxacin 7.56 ESI+ 263.1/217.0 263.1/245.0 60 30;22
Fleroxacin 5.84 ESI+ 370.0/326.1 370.0/269.2 80 27;35
Pefloxacin 6.05 ESI+ 334.1/316.1 334.1/290.2 80 27;25
Nalidixic acid 8.14 ESI+ 233.0/215.0 233.0/187.0 68 18;34
Oxolinic acid 7.71 ESI+ 262.0/244.1 262.0/216.1 70 26;40
Flumequin 8.20 ESI+ 262.1/244.1 262.1/202.1 77 23;42
Pipemidic acid 5.58 ESI+ 304.0/286.0 304.0/217.0 50 30;32

Macrolides Spiramycin 7.03 ESI+ 422.3/174.2 422.3/145.0 60 25;18
Erythromycin 7.96 ESI+ 734.5/576.3 734.5/158.0 100 26;36
Roxithromycin 8.18 ESI+ 837.6/679.5 837.6/158.1 50 30;37
Azithromycin 7.18 ESI+ 375.2/591.3 375.2/158.1 30 20;28
Clarithromycin 8.17 ESI+ 748.5/590.4 748.5/158.0 40 29;40
Tilmicosin 7.34 ESI+ 435.4/695.4 869.5/696.5 80 22;52
Josamycin 8.10 ESI+ 828.6/174.1 828.6/109.0 70 38;70
Tylosin 7.88 ESI+ 916.6/772.5 916.6/174.0 150 43;47
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supernatant (8 mL) was transferred into a 15 mL centrifuge 
tube containing dispersive solid-phase extraction adsorbents 
(anhydrous  MgSO4 1200 mg and C18 400 mg). The extract 
was vortexed for 1 min and centrifuged for 5 min at 4000 
rpm. The supernatant (5 mL) was transferred into a 100 mL 
heart-shaped bottle, and 250 μL of ammonia solution (7 M 
in methanol) was added. The supernatant was carefully evap-
orated using a vacuum rotary evaporator in a water bath at 40 
°C. The residue was redissolved in 1 mL of methanol/water 
(containing 1% formic acid) (1/1, v/v) and filtered through a 
0.22 μm polytetrafluoroethylene (PTFE) filter for ultra-high-
performance liquid chromatography–tandem mass spectrom-
etry (UHPLC-MS/MS) analysis.

Instrument

An Exion UHPLC coupled to a quadrupole linear ion trap 
mass spectrometer (QTRAP 5500+, SCIEX) was used for 
antibiotic determination. A C18 (ACQUITY HSS T3 col-
umn, 2.1 × 100 mm, 1.7 μm, Waters Corporation) column 
was used for chromatographic separation. The column tem-
perature was set at 40 °C, and the flow rate was 0.3 mL/
min. The injection volume was 2 μL. Mobile phase A was 
water containing 0.1% formic acid, and mobile phase B was 
methanol. The gradient was programmed as follows: 0–1.5 
min: 10% B, 1.5–5 min: gradient increase to 40 % B, 5–7.1 
min: gradient increase to 90 % B, 7.1–8 min: hold 90 % B, 
8–8.1 min: 10 % B; 8.1–10: hold 10 % B.

The mass spectrometry was operated in positive/nega-
tive switching mode with a DuoSpray ion source, and the 
source parameters were as follows: ion spray voltage floating 
(ISVF), 5500 V; temperature, 500 °C; nebulizing gas (GS1), 
50 psi; heater gas (GS2), 50 psi; and curtain gas, 30 psi. 
Flow injection was performed for each antibiotic to optimize 
the MRM transitions and the corresponding MS parameters, 
including decluttering potential (DP) and collision energy 

(CE). The detailed chromatographic and MS parameters of 
the antibiotics are listed in Table 1.

Method validation

The analytical performance of the selected antibiotics 
was evaluated in terms of recovery, repeatability, LOQ, 
linearity, and matrix effects according to EU guideline 
SANTE/11312/2021 [32]. Validation was conducted using 
five different soil types (black soil, fluvo-aquic soil, drab 
earth, red soil, and paddy soil), free of the selected antibiot-
ics. All recovery experiments were performed with five rep-
licates for each soil type. The LOQ for each antibiotic was 
determined based on the recovery results and defined as the 
lowest concentration that could be quantified with accept-
able accuracy (mean recovery within the range of 70–120%, 
in exceptional cases, 30–70% and 120–140%) and precision 
(relative standard deviation [RSD] ≤20%). Matrix-matched 
and solvent-based calibration curves (1, 2, 5, 10, 25, 50, 100, 
and 200 μg/L) were used to evaluate linearity and matrix 
effects.

Results and discussion

Optimization of the chromatographic and MS 
conditions

Acetonitrile has generally been used as the organic mobile 
phase in previous studies. However, under these mobile 
conditions, some antibiotic isomers with the same MRM 
transitions could not be chromatographically separated, 
leading to misannotation. In this study, sulfameter and sul-
famethoxypyridazine, two structural isomers, could not be 
separated, even under optimized elution conditions using 
acetonitrile as the organic mobile phase (Fig. S1). There-
fore, methanol and methanol/acetonitrile (1/1, v/v) with and 

Table 1  (continued)

Class Name RT (min) ionization mode MRM1a MRM2 DP (V) CE (eV)

Tetracyclines Chlorotetracycline 7.18 ESI+ 479.1/444.0 479.1/462.0 90 30;25

Oxytetracycline 6.39 ESI+ 461.1/426.1 461.1/443.1 100 28;18

Tetracycline 6.24 ESI+ 445.1/410.1 445.1/154.1 80 25;35

Doxycycline 7.59 ESI+ 445.3/428.1 445.3/410.1 70 24;32

Demeclocycline 6.83 ESI+ 465.1/448.0 465.1/430.0 90 23;30
Chloramphenicols Florfenicol amine 1.79 ESI+ 248.1/230.1 248.1/130.1 50 16;30

Chloramphenicol 7.55 ESI− 321.0/152.1 321.0/256.9 −75 −24;−17
Florfenicol 6.88 ESI− 356.0/184.9 356.0/119.0 −80 −16;−23
Thiamphenicol 5.87 ESI− 353.9/289.9 353.9/184.9 −75 −18;−28

a MRM transition for quantification
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without formic acid (0.1%) were tested and compared for 
chromatographic separation and ionization efficiency. Base-
line separation between sulfameter and sulfamethoxypyri-
dazine was obtained using methanol and methanol/acetoni-
trile (1/1, v/v) as the organic mobile phase (Fig. S2). A slight 
reduction in ionization efficiency was observed for several 
compounds such as sulfonamides (sulfaguanidine and sul-
fameter), quinolones (ciprofloxacin), macrolides (spiramy-
cin, erythromycin, tilmicosin, josamycin, and tylosin), and 
chloramphenicols (florfenicol amine). A relatively strong 
ionization suppression was observed for sulfanitran, a rarely 
used sulfonamide, leading to a low mass response. However, 
for most antibiotics, the ionization efficiency was enhanced 
using methanol and methanol/acetonitrile (1/1, v/v) as the 
organic phase, and better performance was observed for 
methanol (Fig. S3). As the formic acid had been added to the 
water phase, no significant increase in ionization efficiency 
was observed with the addition of formic acid in the organic 
phase (Fig. S3). Methanol was used as the organic phase, 
and the MRM chromatogram of the selected antibiotics is 
shown in Fig. 1.

For the final injection solvent, acidified methanol/water 
(containing 0.1% formic acid) was generally used to obtain 
a more optimal peak shape and sensitivity [33]. In this study, 
different formic acid contents (0.1%, 0.5%, 1%, and 2%) 
were evaluated. As shown in Fig. S4, comparable responses 
were obtained for sulfonamides, macrolides, and chloram-
phenicols with different formic acid contents. However, 

higher responses for most quinolones and tetracyclines and 
better peak shapes for quinolones were obtained when higher 
contents of formic acid were used. Therefore, methanol/
water (containing 1% formic acid) was used to dissolve the 
final extract.

Sample extraction

Traditional sample extraction procedures for antibiotic deter-
mination in soil and other solid samples involve extraction 
with buffer/organic solvent, followed by SPE concentration 
and clean-up with HLB cartridges, which are extremely 
complicated and time-consuming. The SPE procedure must 
be replaced by simple phase separation to increase sample 
preparation efficiency. Multiclass antibiotics with various 
polarity, solubility, pKa, and stability values under acidic 
and basic conditions may severely affect simultaneous 
extraction and determination. Three critical problems should 
be solved to guarantee satisfactory method performance: I) 
sufficient extraction efficiency, II) suitable recoveries during 
phase separation, and III) stability of the antibiotics during 
the final concentration process.

The extraction buffer is critical for the optimal extraction 
of a multiclass of antibiotics, and should be selected accord-
ing to the physicochemical properties of the compounds. 
McIlvaine and potassium phosphate buffers combined with 
acetonitrile have been commonly used for extraction in pre-
vious studies [15, 18, 22]. Therefore, eight extract solvent 

Fig. 1.  The MRM chromatogram of the selected 58 antibiotics
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combinations of McIlvaine buffers (pH 3, 4, 7) and potas-
sium phosphate buffer (pH 3) with acetonitrile and acetoni-
trile containing 5% formic acid were investigated and com-
pared in this study (Fig. S5). For sulfonamides, macrolides 
(except for azithromycin), and chloramphenicols, similar 
recoveries were obtained using different buffers with and 
without formic acid addition. However, for quinolones and 
azithromycin, most of the recoveries were relatively low 
(<30%) when McIlvaine buffers (pH 3, 4, 7) were used. 
A significant increase in the recovery was obtained when 
potassium phosphate buffer (pH3) was used, and a further 
increase was observed when formic acid was added. The 
addition of formic acid did not increase the extractability, 
altering the partition coefficient of antibiotics during phase 
separation. The increased effect of formic acid addition was 
observed for the partitioning of tetracyclines, with much 
higher recoveries (73–102%) obtained compared to the 
recoveries (25–52%) without formic acid. Subsequently, 
the recoveries of quinolones and tetracyclines with differ-
ent contents of formic acid (0, 1, 2, 5, 10%) were determined 
and are shown in Fig. S6. The recoveries increased with an 
increase in the content of formic acid, and 5% was sufficient 
for satisfactory recoveries. Therefore, potassium phosphate 
buffer (pH 3) with 5% formic acid acetonitrile (1/1, v/v) was 
used as the final extract solvent.

The extraction method and time were optimized to obtain 
the best recoveries. Nine extraction combinations (Table S1) 
with different extraction solvent volumes, extraction times 
(2, 3, 4, 5, 7, and 10 min), and extraction methods (vortex 
and ultrasonic extraction) were evaluated, and the results are 
shown in Fig. S7. The overall recoveries were significantly 
lower for single extraction (E) than for double (D) and tri-
ple extraction (F). In addition, no further enhancement of 
the extraction efficiency was observed with a triple and an 
additional 10 min ultrasonic extraction (I). For the extrac-
tion time, 3 min was sufficient for the optimal extraction, 
and a prolonged time did not further increase the recoveries. 
In contrast, a decrease in recovery was observed for some 
sulfonamides with prolonged extraction time, which may be 
due to degradation under highly acidic conditions. Finally, 
double vortex extraction with a mixed solvent (10 mL of 
buffer and 10 mL of acidified acetonitrile) for 3 min (com-
bination B) was performed.

The solvent/sample ratio can affect extraction efficiency. 
The recoveries for different sample volumes (1, 2, and 5 
g) were tested using two types of soils, and the results are 
shown in Fig. S8 and S9. As can be seen from the figures, 
when 5 g soil was used, a significant reduction in the recov-
eries was observed for most antibiotics. Finally, 2 g of soil 
was used to balance the sensitivity and recovery of the pro-
posed method.

During the extraction,  Na2EDTA·2H2O was added to the 
samples to chelate the metals to guarantee the recovery of 

tetracyclines. However, excess amounts of  Na2EDTA·2H2O 
chelate organic compounds, leading to decreased extrac-
tion efficiency for tetracyclines [34]. Therefore, 0.4 g 
 Na2EDTA·2H2O was used, according to previous studies 
[15, 28].

Clean‑up

Blank soil extracts fortified with 50 μg/L of each antibiotic 
were cleaned using different amounts of PSA and C18, the 
two most commonly used dispersive solid-phase extraction 
adsorbents in the QuEChERS method for various analytes 
[35]. The recoveries after clean-up using different adsorbents 
are shown in Fig. S10. C18 did not exhibit any adsorption of 
the different classes of antibiotics. However, for PSA, strong 
adsorption was observed for tetracyclines, even at the low-
est amount of 5 mg/mL. Moderate adsorption of spiramy-
cin occurred, leading to low recovery of 79.6% at 10 mg/
mL. Weak adsorption of sulfonamides and quinolones was 
observed when a high amount of PSA (100 mg/mL) was 
used. Therefore, 50 mg/mL C18 was used for d-SPE clean-
up to guarantee the recovery of tetracyclines.

Concentration

A high solvent (acetonitrile, 20 mL)/sample (2 g) ratio of 
10:1 was used during sample extraction. The concentration 
of the final supernatant, acetonitrile, was necessary to obtain 
high detection sensitivity. In the traditional SPE method, 
methanol is generally used to elute the HLB cartridge and 
evaporate it to dryness using nitrogen with good recovery. In 
this study, the relatively high formic acid content in acetoni-
trile led to low recoveries of sulfonamides and macrolides 
during concentration because of their instability in acids. In 
addition, it took more than 60 min to evaporate 5 mL of ace-
tonitrile by nitrogen blowing in a 40 °C water bath because 
of its relatively high boiling point, which exacerbates the 
degradation of sulfonamides and macrolides. To overcome 
this problem, an ammonia solution in methanol was added 
to adjust the pH of the acetonitrile, and nitrogen blowing 
was replaced by vacuum rotary evaporation to shorten 
the concentration time. The effect of different volumes of 
ammonia solution on the recoveries of sulfonamides and 
macrolides using the fortified blank extracts was evaluated 
(Fig. S11). For sulfonamides, the recoveries increased with 
an increasing volume of ammonia solution, and 250 μL was 
sufficient to avoid their degradation. For macrolides, all the 
compounds were highly sensitive (degradation rate over 80% 
when no ammonia solution was added) to acid, except for 
tilmicosin. The addition of ammonia solution could signifi-
cantly reduce their degradation and increase their recovery, 
and no significant difference between the recoveries was 
observed for different volumes of ammonia solution. Finally, 
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250 μL of ammonia solution in methanol was used to adjust 
the pH of the final extracts.

Method validation

The proposed method was evaluated for 58 antibiotics in five 
soil types (black soil, fluvo-aquic soil, drab earth, red soil, 
and paddy soil). Detailed information on the soil, including 
soil type, mechanical composition, total organic carbon con-
tent, pH, and cation exchange capacity, is given in Table S2. 
Method parameters such as recovery, linearity, accuracy, 
matrix effects, and LOQ were calculated and evaluated 
according to the EU guideline SANTE/11312/2021[32]. A 
recovery study was performed to determine the method’s 
accuracy and precision at seven fortification levels of 2, 
5, 10, 20, 50, 200, and 500 μg/kg in replicates (n=5). The 
recoveries and RSDs at different fortification levels in the 
five soil types are given in Tables S3–S9. Most recoveries 
of the selected antibiotics in the five soils ranged between 
60 and 120%, with RSD < 20%. There were a few excep-
tions, with recoveries lower than 60%. Relatively low 
recoveries (38–73%) and poor repeatability were observed 
at different fortification levels and soil types for erythromy-
cin, as it can easily degrade to anhydroerythromycin under 
acidic conditions [36]. Relatively low recoveries (40–60%) 
were obtained for sulfisomidine, sulfathiazole, sulfapy-
ridine, sulfisoxazole, danofloxacin, enoxacin, norfloxacin, 
pipemidic acid, and oxytetracycline in some cases because 
of low acetonitrile/buffer partition coefficient during phase 
separation and/or low extraction efficiency. As suitable 
repeatability (RSD ≤20%) was obtained for these antibi-
otics, they are recognized as acceptable according to the 
EU guideline SANTE/11312/2021. However, low recover-
ies were obtained for sulfaguanidine and florfenicol amine 
because of the exceptionally low acetonitrile/buffer partition 
coefficient under the proposed extraction conditions.

The LOQs were determined based on the accuracy and 
precision data and were defined as the lowest fortification 
levels with acceptable recoveries and RSDs. The LOQs 
were 2 μg/kg for sulfonamides, quinolones, and macrolides, 
except sulfanitran. The low ionization efficiency owing to 
the use of methanol as the mobile phase led to poor mass 
responses for sulfanitran, and its LOQ was evaluated to be 
10 μg/kg. For tetracyclines and chloramphenicols, the LOQ 
was 5 μg/kg.

Linearity was determined over a range of 1–200 μg/L 
in the solvent- and matrix-based standards. The coefficient 
of determination  (r2), as presented in Tables S10–S15, was 
higher than 0.995 for most antibiotics in both solvent and 
matrix-based standards, which could guarantee accurate 
quantification.

Matrix effect is the suppression or enhancement of ana-
lyte responses due to the co-eluting matrix constitute. It is a 

major concern in small-molecule trace analysis by LC-MS 
and GC-MS [37]. As the matrix effect can severely compro-
mise quantitative performance and reproducibility, it is an 
important performance parameter in the analytical method 
validation [38]. Soft matrix effects (suppression or enhance-
ment of 0–20%) are negligible. However, certain approaches 
must be taken to compensate for matrix effects when they are 
medium (suppression or enhancement of 20–50%) or strong 
(suppression or enhancement > 50%). The matrix effects 
of the selected antibiotics were evaluated based on linear 
curves and were calculated using the following equation:

where,  Smatrix and  Ssolvent are the calibration curve slopes for 
each compound in the matrix-matched and solvent stand-
ards, respectively. The ME values for the five soil types 
are presented in Fig. S12. In general, matrix suppression 
was observed for sulfonamides, macrolides, and chloram-
phenicols, whereas, matrix enhancements were observed for 
quinolones and tetracyclines. For sulfonamides, 11 antibiot-
ics exhibited weak matrix effects, 10 antibiotics exhibited 
moderate matrix effects, and only two (sulfadimethoxine and 
sulfanitran) exhibited strong matrix effects. For quinolones, 
matrix enhancements were observed for most antibiotics, 
except for sparfloxacin, orbifloxacin, and nalidixic acid. 
Strong matrix enhancement effects (>100%) were observed 
for danofloxacin, enoxacin, norfloxacin, cinoxacin, pefloxa-
cin, and pipemidic acid. Therefore, matrix-matched stand-
ards must be applied for accurate quantification to compen-
sate for strong matrix effects. As no significant differences 
were observed for different types of soil, any type of blank 
soil could be used to prepare matrix-matched standards.

Comparison with other methods

Many studies have reported the extraction and analysis of 
antibiotics in soils using SPE, PLE, and QuEChERS meth-
ods. We compared the analytical performance of the pro-
posed method with other methods, as listed in Table S 16. 
Furthermore, the proposed method was compared with the 
SPE method (EPA 1694) in terms of recovery and RSDs; 
the results are shown in Fig. S13. For sample preparation 
efficiency, approximately 230 min (100 min for extrac-
tion, 15 min for rotary evaporation, 70 min for SPE sample 
loading and SPE cartridge drying, and 45 min for nitrogen 
blowing of the final extract) were required for the EPA 
1694 method. However, only approximately 45 min (20 
min for extraction, 15 min for phase separation and disper-
sive solid-phase extraction, 10 min for pH adjustment, and 
rotary evaporation) were required for the proposed method 
in this study. For the method performance, comparable or 

(1)ME(%) =

(

Smatrix

Ssolvent

− 1

)
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better recoveries and RSDs were obtained for most of the 
selected antibiotics using the proposed method, as shown 
in Table S16 and Fig. 13. In addition, the proposed method 
is more economical than the SPE method because of the 
omission of the SPE cartridge. These advantages render the 
proposed method superior to those of previous studies.

Method application

To further validate the feasibility of the proposed method, 
15 paired soil and vegetable samples were collected from 
farmlands and greenhouses with long-term manure or 
manure-based fertilizer applications near livestock farms 
in Tianjin. The antibiotic residues in soil samples were 
determined using the methodology proposed in this study. 
The vegetable samples were analyzed using the QuECh-
ERS method developed in our previous study, which was 
well validated to guarantee the accuracy of the results [39]. 
Notably, extracts containing high-level residues above the 
calibrated range must be diluted and re-injected, and the 
matrix-matched standards should also be diluted propor-
tionately. Eight antibiotics, sulfadimidine, sulfamonometh-
oxine, ofloxacin, tilmicosin, chlortetracycline, oxytetra-
cycline, tetracycline, and doxycycline, were detected in 

the samples. The concentrations of chlortetracycline and 
oxytetracycline in the paired soil and vegetable samples 
are shown in Fig. 2, and the concentrations of the other 
antibiotics in the soil samples are shown in Fig. 3. For the 
soil samples, high concentrations of oxytetracycline were 
detected, ranging between 12.7 and 1104 μg/kg (median 
470.1 μg/kg, Fig. 2a). The concentrations of chlortetracy-
cline ranged between 3.2 and 280 μg/kg (median 9.7 μg/
kg, Fig. 2a). Relatively high concentrations of ofloxacin, 
ranging between 2.9 and 1124 μg/kg (median 16.0 μg/kg), 
were detected (Fig. 3). For the corresponding vegetable 
samples, two tetracycline antibiotics, chlortetracycline, 
and oxytetracycline, were detected at a detection rate of 
100%, and no other antibiotics were detected (Fig. 2b). 
The concentrations were relatively low, with most samples 
being lower than 10 μg/kg, in agreement with a previous 
study. The concentrations of all five antibiotics (chlortet-
racycline, monensin, sulfamethazine, tylosin, and virginia-
mycin) in vegetables grown in soil fertilized with raw and 
composted turkey and hog manure were < 10 μg/kg [40]. 
High concentrations of fluoroquinolones ranging between 
18.2 and 658.3 μg/kg were detected in an intensive veg-
etable cultivation area in Northern China [9]. In this study, 
no ofloxacin was detected in the green onion (sample 14), 

Fig. 2.  Concentrations of chlortetracycline and oxytetracycline in paired soil (a) and vegetable (b) samples
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although a high concentration (1124.9 μg/kg) was detected 
in the corresponding soil. In addition, no positive correla-
tion was observed between concentrations in the soil and 
vegetables. In most cases, variable results were obtained, 
even for the same class of antibiotics and plants, indicating 
the need for further studies.

Conclusions

A novel multi-residue analysis method for the simultane-
ous determination of sulfonamide, quinolone, tetracycline, 
macrolide, and chloramphenicol antibiotics in the soil is 
described. The traditional SPE procedure was replaced by an 
acidity-regulated extraction-partition-concentration protocol 
to improve sample preparation efficiency. Special attention 
was paid to extraction, phase separation, clean-up, and con-
centration. Satisfactory analytical performance was obtained 
for diverse types of soils, indicating the feasibility of the 
proposed method. Relatively high residue concentrations 
of oxytetracycline, chlortetracycline, and ofloxacin were 
observed in soils with long-term manure and manure-based 
fertilizer application.
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