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Abstract 
Leaching of hormones from manure amended fields to receive surface water can lead to endocrine 
disruption in resident fish populations. In order to determine the concentrations of hormones 
present in manure amended soils, and thus the potential for soils to release hormones to aquatic 
environments, efficient extraction methods are needed. In this study, the efficacy of three tech-
niques (accelerated solvent extraction [ASE], Soxhlet and sonication) for the extraction of estro-
gens, androgens and progestogens, as well as their metabolites, from various soil types were eva-
luated. The stability of hormones spiked into these soils and stored for 30, 90 and 210 days at 
−20˚C was also investigated. Four experimental soil matrices (reagent sand, silt loam, clay and 
high organic) were spiked with 50 μL of 10 μg·mL−1 (in methanol; final conc. 100 ng·g−1) of a stock 
mix of hormones and isotopically-labeled standards (ISTDs). After equilibration, triplicate sam-
ples of the spiked soils were extracted by ASE, Soxhlet and sonication techniques and analysed, 
without post extraction cleanup, using HPLC-MS/MS. Sonication and ASE were effective at extract-
ing hormones from all matrices with overall average apparent recoveries, for all 19 extracted 
analytes, of 71% ± 23% and 73% ± 16%, respectively. Soxhlet was significantly less efficient (p < 
0.05) with overall average apparent recoveries of 58% ± 34%. Incorporation of ISTDs resulted in 
overall average process efficiencies of 108% ± 24%, 102% ± 24% and 180% ± 310% for ASE, 
Soxhlet and sonication, respectively. The hormones had variable stability in soils stored for at 
least 30 days, and therefore it recommended that soil samples be analysed within 30 days of sam-
pling. 
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1. Introduction 
Approximately 60,000 metric tonnes of manure are generated annually in the United States, most of which is 
land-applied to meet crop nutrient demands [1]. Estrogens, androgens and progestogens, as well as their metabo-
lites, are produced by all vertebrates and are found in livestock waste [2]. Synthetic hormones (e.g., tren-bolone 
acetate and melengestrol acetate) that are used to enhance livestock growth and synchronize the estrous cycle 
have also been detected in cattle waste [3]. Alpha-zearalenol, zearalenone and zearalanone were also chosen for 
study since they are metabolites of the oestrogenic mycotoxin α-zearalanol that are used in some cattle implants 
for growth promotion and may also be produced by fungi, principally from the genus Fusarium, that grow on 
cereal plants (e.g., corn, barley, etc.) in agricultural environments. When applied to soils, these hormones and 
hormone metabolites can potentially leach into the adjacent ground and surface waters [3]-[6] and may subse-
quently disrupt the endocrine systems of aquatic organisms [7]-[9]. In order to determine the concentrations of 
hormones and hormone metabolites present in manure amended soils, robust extraction and detection methods 
are needed. These methods are also vital to investigate the extent to which hormones and hormone metabolites 
are degraded in soils, retained by soils or leached from soils to ground and surface waters.  

Several techniques have been utilized to extract and analyse hormones, particularly estrogens, from solid ma-
trices (Table 1). However, many androgens and progestogens, as well as their metabolites, may be present in  
 

Table 1. Results of various analytical methods for the evaluation of hormones in solid matrices.                                

Extraction/ 
cleanup Instrument Matrix Hormones 

targeted1 
Spike conc. 

(ng·g−1) 
Efficiency 

(%) 
RSD 
(%) 

LOD 
(ng·g−1) 

Internal  
surrogates Ref. 

ultrasonic/SPE 
(C18) 

LC-DAD-MS2 
LC-ESI-MS3 

5 g lyophilized  
sediment E1, E2, E3, P 1000 

DAD 
66 - 102 

ESI 
64 - 100 

DAD 
9 - 11 
ESI 

6 - 19 

0.04 - 1.00 none [10] 

ASE/SPE (C18) LC-ESI-MS3 5 g lyophilized  
sediment E1, E2, E3 500 78 - 94 9 - 13 2.00 - 10.0 none [11] 

sonication, 
Soxhlet/silica 

PFPA4 derivatization 
and GC-MS5 

10 g pre-extracted 
(Soxhlet) sediment E1, E2, E3 100 

sonication 
32 - 132 
Soxhlet 
37 - 133 

3 - 5 
3 - 14 

0.60 - 2.50 17β-estradiol 
acetate [12] 

MASE6/SPE 
(Strata-X-AW) and 

silica 
LC-ESI-MS3 1 g wet sediment E1, E2, EE2 10 82 - 98 10 - 16 4.00 - 8.00 

E1-d4 
E2-d4, 
EE2-d4 

[13] 

Soxhlet/ 
alumina-florisil 

BSTFA:TMCS7  
derivatization and 

GC-MS5 
10 g dried solid E1, E2, 17βE2, 

4A, AND, P, T 10, 50 95 - 150 5 - 25 0.02 - 0.07 17βE2-d4, P-d9 [14] 

ASE/SPE (C18) MSTFA8 derivatization 
and GC-MS5 

30 g dried and  
sieved soil 

E1, 17βE2, E3 2 89 - 103 10 - 13 0.05 17βEE2-d2 [15] 

ASE/RAM9 LC-MSD-API-ESI10 5 g lyophilized and 
sieved sediment E1, E2, E3, P 100 94 - 104 2 - 7 0.50 - 5.00 none [16] 

ultrasonic/SPE 
(HLB) 

GC-MS5 
(no derivatization) 

3 g dried sediment E1, E2, E3 15, 150 
60 - 127 
58 - 133 

5 - 17 
4 - 12 

1.50 - 5.00 
13C2-EE2, 
17βE2-d3 [17] 

1E1 = estrone, E2 = estradiol, E3 = estriol, EE2 = ethinyl estradiol, 4A = 4-androstene-3,17-dione, AND = androsterone, P = progesterone and T = testosterone. 
2Liquid chromatography-diode array detection-mass spectrometry. 3Liquid chromatography-mass spectrometry using an electrospray interface. 4Pentafluoro- 
propionic anhydride. 5Gas chromatography-mass spectrometry. 6Microwave assisted solvent extraction. 7N,O-Bis(trimethylsilyl) trifluoroacetamide with trime-
thylchlorosilane. 8N-trimethylsilyl-N-methyl trifluoroacetamide. 9Restricted access materials. 10Liquid chromatography mass selective detector equipped with an 
atmospheric-pressure ionization source and electrospray interface. 
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cattle manure amended soil [3]-[6]. Thus, a technique that can efficiently extract and analyse estrogens, andro-
gens and progestogens, as well as their metabolites, in soils with minimal sample processing, is needed. To this 
end, this study evaluated the efficacy of three techniques (accelerated solvent extraction [ASE], Soxhlet and so-
nication) for the extraction of a large suite of synthetic and natural estrogens, androgens and progestogens, as 
well as their metabolites, that have been previously detected [3] [4] [18]-[21] or are likely to be present in ma-
nure amended fields (Table 2), from various soil types (e.g., sand, silt loam, clay and high organic content) in 
order to assess which technique was most efficient for the simultaneous extraction of this large suite of analytes. 
Several isotopically (deuterium-d)-labeled standards (ISTDs, Table 2) were incorporated to account for extrac-
tion inefficiency and losses that may occur during sample processing as well as matrix suppression and/or en-
hancement effects that may take place in the ionization chamber of the mass spectrometer during sample analy-
sis. Proper utilization of the appropriate ISTD for each target analyte is essential to the accurate and precise 
measurement of these analytes [22]. Incorporation of an ISTD that does not produce a similar recovery to its 
target analyte will result in the over- or underestimation of the analyte concentration [22]. As such, this study 
assesses the applicability of several ISTDs (Table 2) to appropriately account for analyte losses during sample 
extraction and analysis in order to minimize the potential for over- or underestimation of analyte concentrations 
when incorporating these ISTDs. 

The ISTDs were also used to assess the stability of these compounds after 30, 90 and 210 days of storage at 
−20˚C. Finally, native soils, collected from a pasture at a grass-grazing dairy farm, were analysed for estrogens, 
androgens and progestogens using ASE and high performance liquid chromatography with tandem mass spec- 
trometry (HPLC-MS/MS).  
 
Table 2. Target analytes with corresponding unlabeled Chemical Abstracts Service (CAS) number and isotopically-labeled 
analogues.                                                                                             

Hormone Origin Target Analyte [CAS #] Isotopic Analogue 

Estrogen Natural 17β-estradiol [50-28-2] 17β-estradiol-d5 

  Estrone [53-16-7] 17β-estradiol-d5 

  Estriol [50-27-1] Estriol-d3 

 Synthetic 
/Fungal 

α-zearalenol [36455-72-8] α-zearalenol-d4 

 Zearalenone [17924-92-4] α-zearalenol-d4 

  Zearalanone [5975-78-0] α-zearalenol-d4 

Androgen Natural Testosterone [58-22-0] Testosterone-d5 

  5α-androstan-17β-ol-3-one [521-18-6] Testosterone-d5 

  Androsterone [53-41-8] Testosterone-d5 

  5α-androstane-3,17-dione [846-46-8] Testosterone-d5 

  4-androstene-3,17-dione [63-05-8] Testosterone-d5 

 Synthetic 1-dehydrotestosterone (Boldenone) [846-48-0] Testosterone-d5 

  17β-nortestosterone (Nandrolone) [434-22-0] Nandrolone-d5 

  17β-trenbolone [10161-33-8] Testosterone-d5 

  17α-trenbolone [80657-17-6] Testosterone-d5 

Progestogen Natural Progesterone [57-83-0] Progesterone-d9 

  17,20 dihydroxyprogesterone [1662-06-2] Progesterone-d9 

 Synthetic Melengestrol acetate [2919-66-6] Melengestrol acetate-d3 

  Melengestrol [5633-18-1] Melengestrol-d3 
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This study builds upon previously published work, using a range of soil types and the inclusion of synthetic 
estrogens as well as synthetic and natural androgens and progestogens and their metabolites and assesses the 
stability of these analytes under storage conditions that are likely to occur during occurrence survey studies. 
Furthermore, this study evaluates the ability of ASE, sonication and Soxhlet to extract these compounds from 
various soil types with minimal sample processing (i.e., without drying, sieving, lyophilizing or pre-extracting 
soils and without the use of post extraction cleanup). 

2. Experimental 
2.1. Materials 
The 19 hormones and hormone metabolites (target analytes; Table 2) chosen for study included natural and 
synthetic estrogens, androgens and progestogens that have previously been detected or could be present in cattle 
manure amended soil [19]. All of the analytical standards (Table 2) were of high purity (>98%) and were ob-
tained from Sigma-Aldrich (St Loius, MO) with the exception of 17α-trenbolone, which was purchased from 
Hayashi Pure Chemical Inc. (Osaka, Japan). The isotopically (deuterium-d)-labeled standards (ISTDs) 17β-es- 
tradiol-d5, estriol-d3, testosterone-d5, nandrolone-d3, and progesterone-d9 were obtained from C/D/N Isotopes 
(Pointe-Claire, Quebec, Canada) and melengestrol-d3, melengestrol acetate-d3, 17β-trenbolone-d3 and α-zeara- 
lenol-d4 were obtained from the European Union Reference Laboratory at the National Institute for Public 
Health and the Environment (RIVM; Bilthoven, The Netherlands). HPLC-grade methanol, hexane and acetone 
were obtained from Burdick & Jackson. Sodium sulfate (Na2SO4) was purchased from Fisher Scientific and 
muffled at 550˚C for 16 hours prior to use. 

Four experimental soil matrices were used to examine the efficiencies of each of the extraction methods 
among various soil types (Table SI.1, Supplementary Information); 1) a reagent sand (Ottawa Sand, Fisher 
Scientific, Pittsburgh, PA); 2) Antigo silt loam; 3) a soil with high clay content and 4) a soil with high organic 
matter content. Antigo silt loam was collected from the University of Wisconsin Spooner Agricultural Research 
Center (Spooner, WI) and the high clay soil was collected in Platteville, WI. The high organic matter soil was a 
sandy loam collected from a wetland in Vilas County, WI. Prior to use, the antigo silt loam and organic matter 
soils were homogenized using a stainless steel commercial blender (Model 700S, Waring Commercial, Torring- 
ton, CT). The clay soil was placed within two ziplock bags and worked with a mallet and rolling pin until the 
soil was thoroughly homogenized. The reagent sand had been muffled at 550˚C for 16 hours prior to use, whe-
reas all other experimental matrices were neither dried nor sieved. The prepared experimental soil matrices were 
submitted to the University of Wisconsin—Madison Soil and Plant Analysis Laboratory (Verona, WI) for eval-
uation of particle size, soil pH, organic matter content and CEC. 

2.2. Extraction Comparison  
Sub-samples of the soils (five grams of sand, silt loam and high clay and three grams of high organic matter soil) 
were spiked, in triplicate, with a stock solution of target analytes and ISTDs (Table 2) at 50 μL of 10 μg·mL−1 
(in methanol, final conc. 100 ng·g−1, 167 ng·g−1 for high organic soil), which represents concentrations that are 
within the range of those used by other investigators (Table 1). In addition, a subset of these samples was spiked 
with ISTDs only, in triplicate, in order to quantify the background hormone concentrations in each of the soil 
matrices. The spiked hormones were mixed into the soils using the wooden end of sterile cotton-tipped applica-
tors (Fisherbrand, Fisher Scientific) and allowed to equilibrate with the soils for two hours. The two-hour equi-
libration time was chosen to allow enough time for the analytes to partition onto the solids, but not enough time 
to allow for potential degradation [23]. The soils, as well as the portion of wood that came in contact with the 
soils during mixing, were then extracted, in triplicate, using ASE, Soxhlet and sonication with acetone-hexane 
(1:1, v/v) used as the solvent in all cases.  

2.2.1. Accelerated Solvent Extraction 
The 11 mL stainless steel extraction cells (Dionex, Sunnyvale, CA, USA) employed were sealed with stainless 
steel screw caps equipped with teflon O-rings. The assembled extraction cells were layered, from the bottom up, 
with two 19 mm muffled glass fiber filters (GF/A, Dionex Corp., Sunnyvale, CA, USA), 2.0 g of muffled Otta- 
wa sand, 5.0 ± 0.1 g of spiked sample (or 3.0 ± 0.1 g of high organic matter soil sample) mixed with at least 2 g 
Na2SO4 (up to 3 g was used for the high organic matter soil), 1.0 g of muffled Ottawa sand and topped with one 
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19 mm GF/A filter. After tamping down the material within the cell and affixing the cell’s top endcap, the cells 
were loaded onto the ASE, preheated to 120˚C and held for 5 min without solvent. The material within the cell 
was then subjected to two cycles of solvent exposure, wherein 6.6 mL of acetone-hexane (1:1, v/v) was pumped 
into the cell and the temperature and pressure were maintained at 120˚C and 1500 psi, respectively, for 5 min. 
The solvent was eluted with a flush of nitrogen into a 60 mL amber glass collection vial (I-CHEM, Rockwood, 
TN). Method blanks, consisting of three 19 mm GF/A filter discs, muffled Ottawa sand and sodium sulfate, were 
extracted after every five soil sample extractions to assess the potential for analyte carry over.  

2.2.2. Soxhlet 
The Soxhlet extractions were performed as described in USEPA Method 1698 [14]. Briefly, each spiked sample 
(5.0 ± 0.1 g of sand, silt loam and clay and 3.0 ± 0.1 g of high organic matter soil) was placed into a cellulose 
thimble (Whatman, GE Healthcare Life Sciences, Little Chalfont UK) and loaded into a glass Soxhlet extraction 
system (Lab Line Instruments, Inc., Melrose Park, IL). The organic samples were accidently spiked with 100 μL 
of 10 μg·mL−1 (final conc. 333 ng·g−1) instead of 50 μL of 10 μg·mL−1. The target analytes and ISTDs were ex-
tracted from each of the soil types by refluxing 300 mL of acetone-hexane (1:1, v/v), with the aid of boiling 
granules (Hengar Co., Thorofare, NJ), continuously through the sample for 16 to 24 hours at a rate of 2 - 3 
cycles every 5 minutes.  

2.2.3. Sonication 
The spiked samples were mixed with 2.0 g of Na2SO4 and placed in silanized 100 mL glass beakers. Each soil 
was extracted with three cycles of ultrasonication. Each ultrasonication cycle consisted of adding 20 mL of ace-
tone:hexane (1:1, v/v) to the sample, placing the beaker into a 3 qt. ultrasonic bath (Fisher Scientific Mechanical 
Ultrasonic Cleaner FS20, Fisher Scientific, Pittsburg, PA) operating at 40 kHz for 10 min. and then transferring 
the supernatant to a methanol rinsed 15-mL disposable glass centrifuge tube (Kimble Chase, Vineland, NJ).  

2.3. Storage Stability 
Five grams of sand, silt loam and high clay and 3.0 g of high organic matter soil were placed into 20 mL-sila- 
nized glass scintillation vials (Fisher Scientific, Pittsburgh, PA), spiked, in sextuplicate, with a stock solution of 
ISTDs (Table 2) at 50 μL of 10 μg·mL−1 (in methanol, final conc. 100 ng·g−1 for sand, silt loam and clay and 
167 ng·g−1 for high organic soil) and then vortexed for 30 seconds. The samples were either extracted after a two 
hour equilibration period (t = 0) or wrapped in aluminum foil, stored at −20˚C for 30 days (t = 30), 90 days (t = 
90) and 210 days (t = 210) and subsequently extracted using protocols described above for the ASE.  

2.4. Native Samples 
Native soil samples were collected, using a stainless steel soil corer, from a 15-acre paddock that sustained 
grass-grazing dairy cattle year round. To ensure that samples were representative of the entire paddock, three 
20-cm deep soil cores (shallow cores) were collected along each of five transects, with an additional soil core 
collected from a depth of 20 - 51 cm (deep cores) from each of the five transects.  

Five grams of each of the native soil samples were spiked with ISTDs at 50 μL of 10 μg·mL−1 (in methanol, 
final conc. 100 ng·g−1). The spiked samples were allowed to equilibrate for two hours and extracted using the 
ASE with the protocols described above.  

2.5. Extract Concentration 
All extracts were concentrated to approximately 200 μL, using a stream of nitrogen at 40˚C in a Turbovap LV 
Concentration Evaporator Workstation (Biotage, Uppsala, Sweden) for the ASE and sonication extracts and us-
ing a Rotary Evaporator (Buchi, Switzerland) at approximately 50˚C for the Soxhlet extracts. These extracts 
were then reconstituted to a final volume of 1.0 mL with methanol in 2.0 mL amber glass vials (Target LoVial, 
National Scientific).  

2.6. Liquid Chromatography and Mass Spectrometry 
The hormone concentrations in the extracts were analysed using high-performance liquid chromatography (Agi-
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lent Technologies 1100 HPLC, Santa Clara, California) with tandem mass spectrometric detection (AB SCIEX 
API 4000, Framingham, Massachusetts) (HPLC-MS/MS) operating in positive Atmospheric Pressure Chemical 
Ionization (APCI) mode as outlined in [24]. Briefly, a sample injection volume of 15 μL was applied to a 4 μm, 
4.6 × 250 mm Synergi MAX-RP column (Phenomenex, Torrance, CA) and separated with a reversed phase bi-
nary mobile phase gradient (Table SI.2, Supplementary Information) at 0.8 mL·min−1. Relevant multiple reac-
tion monitoring (MRM) mass spectrometer settings include collision gas at 6 arbitrary units, curtain gas at 25 
psig, nebulization gas at 40 psig, drying gas at 15 psig, corona discharge current of 3 volts and source tempera-
ture at 450˚C. Multiple reaction monitoring m/z values for the target analytes are listed in the Supplementary 
Information (Table SI.3). The instrument was calibrated with methanol dilutions of each analyte at 10, 20, 50, 
100, 250, 500, 1000, 2500 and 5000 ng·mL−1. A relative response ratio, between each target analyte and its cor-
responding ISTD, was generated at each target analyte calibration concentration with the ISTD concentration 
maintained at 500 ng·mL−1. Linear or quadratic regression with 1/x weighting was used to generate calibration 
curves of the relative response ratios of all analytes. The calibration coefficients always exceeded 0.990. The 
target analyte concentration in each sample extract was calculated by normalising the relative response ratio in 
the sample extract to those in the calibration curve. The instrument detection limits (IDL) for all analytes moni-
tored were less than 0.9 ng·g−1 (wet weight, Table SI.4, Supplementary Information) and were calculated by 
multiplying the standard deviation of ten low level standards (5.0 ng·mL−1) by the student T test variate (α = 
0.01) with nine degrees of freedom. The limit of quantitation for each analyte (Table SI.4, Supplementary In-
formation) was evaluated as three times the IDL. 

2.7. Quality Controls 
Negative controls analyzed with each sample group included solvent blank injections and internal standard in 
solvent injections. All negative controls were <IDL for all hormone compounds tested. Positive controls in-
cluded triplicate spikes performed for each soil type, and the results from these positive controls are discussed in 
the Results and Discussion Section below. 

2.8. Statistics 
The data were analysed using the programming application R, version 2.11.1 (R Foundation, 2006). Analysis of 
variance (ANOVA) procedures were used to test for significant (α = 0.05) differences in the mean recoveries 
among the extraction treatments. The Tukey Honest Significant Difference test was then used to find the treat-
ments that differed from each other. 

3. Results & Discussion 
3.1. Apparent Recovery Comparison 
The apparent recoveries [25] of the extraction techniques were evaluated prior to ISTD normalisation and were 
calculated using the equation:  

( ) ( )( ) ( )A A A AR O S O Cχ χ χ= + −  

where χA(O + S) is the average peak area of analyte A in the spiked samples (n = 3), χA(O) is the average peak 
area of analyte A in the corresponding unspiked samples (i.e., ISTD only samples, n = 3) and χA(C) is the aver-
age peak area of analyte A in the 500 ng standards in the calibration curve on the HPLC (n = 2). 

The apparent recoveries of 17β-estradiol and estriol extracted from soil with 67% clay content were low 
(<12%) under all of the extraction techniques employed (Figure 2(A)-(C)). Zuloaga et al. [26] reported de-
creasing PAH recoveries with increasing clay contents of soils extracted with ASE. While Beck et al. [15] found 
no correlation between clay content and estrogen recoveries at clay contents ranging from 14% to 31%, our re-
sults suggest that clay contents ≥ 67% will result in reduced recoveries of estradiol and estriol extracted with 
ASE, Soxhlet or sonication.  

Given the low apparent recoveries of 17β-estradiol and estriol in clay samples, these analytes are excluded 
from the ranges and averages of apparent recoveries. When 17β-estradiol and estriol are excluded, the apparent 
recoveries of the remaining target analytes extracted from all soil matrices with ASE ranges from 44.8% (estriol 
from sand) to 99.9% (estrone from organic) with an overall average of 73% ± 16%. The overall average appar-
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ent recovery of sonication (71% ± 23%) was similar to ASE (p > 0.05). The apparent recoveries of target ana-
lytes extracted with Soxhlet were highly variable (Figure 1) and resulted in the lowest overall average apparent 
recovery (58% ± 34%, p < 0.05). The high variability in apparent recoveries of Soxhlet extracts was due to the 
high recovery of some analytes (i.e., zearalenone, zearalanone and 5α-androstane-3,17-dione) and the low reco-
veries of others (i.e., 17β-estradiol, estriol, 17β-trenbolone and 17α-trenbolone (Figure 2(B)). 

The sonication technique resulted in the highest average apparent recoveries of the target analytes extracted 
from both sand and clay soils (85% ± 16% and 91% ± 11%, respectively) compared to ASE (70% ± 20% and 
65% ± 12%, respectively) and Soxhlet (59% ± 34% and 51% ± 27%, respectively; p < 0.05, Figure 1(A)-(C)). 
The highest average apparent recovery of target analytes extracted from silt loam was achieved using ASE (81% 
± 11%, p<0.05, Figure 1). Both sonication and Soxhlet were relatively ineffective (48 ± 12% and 45 ± 28%, re-
spectively) at extracting the target analytes from silt loam (Figure 1). Sonication was particularly poor (10% ± 
1% apparent recovery) at extracting estriol from silt loam (Figure 2(C)). 

Sonication had the lowest apparent recovery (62% ± 19%), compared to ASE (75% ± 16%) and Soxhlet (80% 
± 36%), at extracting the target analytes from the organic soil (p < 0.05, Figure 1). Soxhlet was remarkably effect- 
tive (>88%) at extracting 17β-estradiol and estriol from the high organic matter soil (Figure 2(B)). Though, 
 

 
Figure 1. Ranges in the apparent recoveries (n = 57), prior to 
ISTD normalisation, of target analytes spiked into sand, silt 
loam, clay and organic soils and extracted using ASE (A); 
Soxhlet (B) and sonication (C).                             
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Figure 2. Apparent recoveries (average ± standard deviation, n = 3), prior to 
ISTD normalisation, of target analytes spiked with 50 μL of 10 μg·mL−1 (in 
methanol) into sand (black), silt loam (white), clay (striped) and organic soil 
(hatched) and extracted with ASE (A), Soxhlet (B) and sonication (C).         

 
this may have been due to the fact that the organic samples extracted with Soxhlet were inadvertently spiked at a 
higher concentration (100 μL of 10 μg·mL−1) than the sand, silt loam and clay samples (50 μL of 10 μg·mL−1). 
The enhanced apparent recoveries in Soxhlet extracts could also have been a result of peak signal enhancement 
on the HPLC-MS/MS due to coextracted matrix components (i.e., humic and fulvic acids) that can increase the 
intensity of analyte ions [27], particularly in soils with a high organic carbon content. Indeed, the high apparent 
recoveries of zearalenone (147% ± 10%), zearalanone (123% ± 3%) and 5α-androstane-3,17-dione (129% ± 
20%) in organic samples extracted with Soxhlet may have been due to signal enhancement caused by coex-
tracted matrix components.  

Soxhlet was particularly ineffective at extracting 17β-estradiol, estriol, 17β-trenbolone, 17α-trenbolone and 
melengestrol from sand, silt loam and clay (<24%), especially compared to ASE (>50%, p < 0.05) and sonica-
tion (>43%, p < 0.05, Figure 2), excluding 17β-estradiol and estriol in clay. Androsterone extracted from or-
ganic soils with Soxhlet was only recovered in one out of three of the replicates (Figure 2(B)). The coextraction 
of matrix components leads to higher background noise in the chromatogram, which can result in an underesti-
mation of analyte recovery since the baseline is set at the noise level. This high baseline noise due to the coex-
traction of matrix components is particularly problematic for compounds that have low peak areas on the 
HPLC-MS/MS. The peak areas of androsterone in the calibration curve on the HPLC-MS/MS were low (≈3.5 × 
104 at 500 ng). The increased background noise caused by the coextracted matrix components “drowned out” the 
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androsterone signal in two out of three of the samples resulting in low apparent recovery and poor precision 
(24% ± 41%). 

The Soxhlet extraction also resulted in low apparent recoveries (<30%) of α-zearalanol in silt loam and clay 
and melengestrol acetate in silt loam (Figure 2(B)). This suggests that the acetone:hexane solvent exposure with 
heat alone (Soxhlet) may have been unable to overcome the sorption interactions between these analytes and the 
soil particles, resulting in poor apparent recoveries. The combination of acetone:hexane solvent exposure with 
increased temperature and pressure (ASE) or particle agitation (sonication) was likely more effective at disrupt-
ing the sorption interactions than heat alone (Soxhlet) and resulted in the enhanced apparent recoveries of these 
analytes. These low recoveries may have been a result of ion suppression due to the coextraction of matrix 
components that can reduce the intensity of analyte ions [27]. 

3.2. Process Efficiency Comparison 
The process efficiencies were calculated using the equation: 

[ ] [ ]( ) 500 ngA S OE A A= −  

where [A]S is the average calculated concentration (i.e., normalised to the ISTD, Figure SI.1) of analyte A in the 
extracts of the spiked samples (n = 3), [A]O is the average calculated concentration of analyte A in their corres-
ponding unspiked samples (n = 3, Figure SI.2) and 500 ng is the spike concentration.  

The use of ISTDs as internal standards can account for analyte losses resulting from extraction inefficiency, 
adsorption to particles that renders the analytes unextractable, and to some extent microbial degradation. How- 
ever, this technique relies on adequate ISTD recovery and is only applicable to target analytes that have a similar 
recovery to their corresponding ISTD. If the apparent recovery of an ISTD is much lower than that of its cor-
responding target analyte it will lead to the overestimation of the target analyte concentration. Conversely, if the 
recovery of the ISTD is much higher than that of its corresponding target analyte it will lead to an underestima- 
tion of the target analyte concentration. Furthermore, low ISTD recovery results in high relative standard devia-
tion of the normalised concentration through a denominator effect; small variances in the target analyte peak 
area result in large variances in the normalised concentration when normalising to a low ISTD recovery [22].  

Figure 3 provides the ranges of process efficiencies in ASE, Soxhlet, and sonication extractions among each 
soil type. Combining ISTD normalisation with ASE, sonication and Soxhlet extractions resulted in average 
process efficiencies of 119% ± 95%, 109% ± 63% and 229% ± 533%, respectively for all analytes extracted 
from all soil types. However, the process efficiencies of estrone extracted from clay with ASE, sonication and 
Soxhlet were all significantly overestimated (913% ± 144%, 608% ± 48% and 3973% ± 873% respectively, 
Figure 4). These overestimations were due to the normalisation of the adequate apparent recoveries of estrone 
(48% ± 2%, 83% ± 7% and 68% ± 4% for ASE, sonication and Soxhlet, respectively, Figure 2) to the poor re-
covery of its corresponding ISTD, 17β-estradiol-d5 (7% ± 2%, 17% ± 3% and 2% ± 1% for ASE, sonication and 
Soxhlet, respectively). Thus, 17β-estradiol-d5 may not be the appropriate ISTD to account for the efficiency of 
estrone extraction from soil. Unfortunately, attempts to utilize estrone-d2 were unsuccessful due to its suscepti-
bility to deuterium loss [28]. When estrone in clay extracts are omitted, the average process efficiencies were 
108% ± 24%, 102% ± 24% and 180% ± 310% for ASE, sonication and Soxhlet, respectively. With the exception 
of Soxhlet, these recoveries are consistent with those witnessed in other studies (Table 1) and were obtained 
without drying, sieving or lyophilizing the soils prior to extraction, which can result is target analyte losses due 
to degradation, and without the use of post-extraction cleanup, which can be costly, time consuming and may 
also lead to target analyte losses due to inefficient recovery.  

The concentrations of many of the target analytes extracted with Soxhlet were overestimated (Figure 3(B)) 
leading to an artificially high average process efficiency and poor precision (229% ± 533%). The process effi-
ciencies of estrone, α-zearalanol, zearalenone and zearalanone in sand, silt loam and clay and 17,20-dihy-drox- 
yprogesterone in organic soil extracted with Soxhlet were overestimated (Figure 4(B)) due to the extremely low 
apparent recoveries of their corresponding ISTD’s. The concentrations of estriol in silt loam and clay were una-
ble to be calculated due to the fact that estriol-d3 was not recovered in the Soxhlet extracts. The concentration of 
estriol extracted from sand with Soxhlet was only capable of being calculated in the one replicate, out of the 
three, where estriol-d3 was recovered. The peak areas of Estriol-d3 in the calibration curve (500 ng) were low  
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Figure 3. Ranges in the process efficiencies (n = 57) of target 
analytes spiked into sand, silt loam, clay and organic soil and 
extracted using ASE (A); Soxhlet (B) and sonication (C).       

 
(≈5.5 × 104). Thus, even small losses of estriol during extraction can result in not only poor recovery, but also 
high variability as well due to the denominator effect [22]. Estriol-d3 was sufficiently recovered from organic 
soil, but this was likely due to the inadvertent double spiking of organic soils extracted with Soxhlet.  

Both ASE and sonication resulted in adequate process efficiencies for the extraction of estriol from all soil 
types except clay (Figure 4). While the apparent recoveries of estriol were low in some instances (Figure 2), the 
use of estriol-d3 accounted for the low apparent recoveries that may have been done to extraction inefficiency or 
matrix induced signal suppression (Figure 4). These estriol results are an improvement to those obtained in the 
study conducted by Peng et al. [12] (45% ± 10% and 27% ± 3% using Soxhlet and sonication, respectively) due 
to the use of an ISTD with a similar apparent recovery to estriol (i.e., estriol-d3). The lower process efficiency of 
estriol from sonication in the Peng et al. [12] study (i.e., 27% ± 3%) was due to the use of an ISTD (i.e., 
17β-estradiol acetate) that had an apparent recovery (i.e., 107% - 110%) that differed considerably from that of 
estriol. 



S. M. Havens et al. 
 

 
113 

 
Figure 4. Process efficiencies (average ± standard deviation, n = 3) of target analytes spiked with 50 μL of 
10 μg·mL−1 (in methanol) into sand (black), silt loam (white), clay (striped) and organic soil (hatched) and 
extracted with ASE (A); Soxhlet (B) and sonication (C).                                             

 
The employment of post extraction cleanup may improve the Soxhlet extraction recoveries by removing ma-

trix components (e.g., humic and fulvic acids) that may cause interference, either signal enhancement or sup-
pression, on the HPLC-MS. Indeed, other investigators [14] [12] have obtained adequate recoveries in Soxhlet 
extracts filtered through silica or alumina-florisil, respectively (Table 1). Post extraction cleanup reduces the 
potential for coextracted matrix components to cause signal enhancement or suppression on the HPLC-MS/MS. 
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However, this additional processing step is costly and time consuming and can result in target analyte losses, 
which can be problematic for the measurement of analytes at low concentrations; particularly hormones, which 
can induce endocrinological effects on fish at extremely low concentrations [7]-[9] [29] [30]. The incorporation 
of ISTDs should account for any matrix suppression and/or enhancement effects, providing that the target ana-
lyte and its corresponding ISTD undergo the same matrix enhancement/suppression. The overestimations of 
analyte concentrations in this study were primarily due to the normalisation of adequate analyte recoveries to the 
low recoveries of their corresponding ISTD. Thus, it is essential to employ an ISTD that has a similar apparent 
recovery to the target analyte in order to achieve an accurate and precise concentration.  

3.3. Storage Stability 
The storage stability of the target analytes in the various soil types was assessed by comparing the recovery of 
the ISTDs in samples stored for 30 (t = 30), 90 (t = 90) and 210 days (t = 210) at −20˚C with the recovery of 
samples that had been extracted two hours (t = 0) after spiking. Figure 5 shows the average apparent recoveries 
and 95% confidence intervals for each of the eight ISTDs spiked into the t = 0, t = 30, t = 90 and t = 210 samples. 
All of the ISTDs spiked into sand were statistically stable for at least 210 days of storage. However, there was a 
notable decrease in the average apparent recoveries of α-zearalenol-d4 in the t = 210 day samples that was not 
considered statistically significant due to the large variance of apparent recoveries ranging from 4% to 54%. The 
recoveries of 17β-estradiol-d5, estriol-d3, α-zearalenol-d4 and testosterone-d5 spiked into antigo silt loam signifi-
cantly decreased within 30 days storage (Figure 5). While there was a decrease in nandrolone-d5 and progeste- 
rone-d9 apparent recoveries within 30 days of storage, the decrease was not statistically significant until 90 and 
210 days of storage, respectively, and were still within acceptable levels of recovery (73% ± 2% and 71% ± 8%, 
respectively) at 210 days of storage. Therefore, silt loam soils spiked with ISTDs prior to storage should account 
for any nandrolone and progesterone losses that can occur during storage. 

Similar to what was observed with the analyte apparent recovery, the recovery of estriol-d4 and 17β-estradiol- 
 

 
Figure 5. Comparison of the apparent recoveries (average ± 95% confidence interval, n = 6) of isotopically-labeled stan-
dards spiked into sand (A), silt loam (B), clay (C) and organic soils (D) and extracted with ASE immediately (black circle), 
after 30 (white circle), 90 (white triangle) or 210 (white square) days of storage at −20˚C.                               
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d5 spiked into clay soil and immediately (after 2 hours) extracted were low (4% ± 1% and 7% ± 2%, respect- 
tively). After 30 days of storage the recoveries of estriol-d4 and 17b-estradiol-d5 were less than 1% ± 3% and 
3.7% ± 0.2%, respectively, however, given the low initial apparent recoveries, the storage stability of these com- 
pounds could not be properly assessed. The apparent recoveries of melengestrol acetate-d3 and α-zearalenol-d4 
spiked into clay-rich soil significantly decreased within 30 days of storage. A significant decrease in the appar-
ent recovery of testosterone-d5, nandrolone-d5 and melengestrol-d3 extracted from organic soils was witnessed 
within 90 days of storage.  

Given these variable results in storage stability, soil samples should be processes within 30 days of sample 
collection in order to avoid possible analyte losses during sample storage. 

3.4. Native Soils 
The native soil samples collected from the 15-acre paddock were best characterised as clay loam soils (34% 
sand, 37% silt and 29% clay). The overall average apparent recovery of all eight ISTDs spiked into the 22 native 
soil samples and extracted with ASE was fair (77% ± 13%) revealing ASE to be a reasonably efficient method 
for extracting estrogens, androgens and progestogens from clay loam soils.  

We evaluated the presence of all of the target analytes in the native soils and occasionally detected some of 
the hormones. The only analyte detected in the shallow cores was 5α-androstane-3,17-dione (8 out of 17 sam-
ples) with concentrations ranging from 0.9 to 8.6 ng·g−1. Progesterone was detected in two of the shallow cores, 
however, at concentrations (0.8 and 0.9 ng·g−1) near the instrument detection limit. Both 5α-androstane-3, 
17-dione (three out of 5 samples) and zearalenone (two out of samples) were detected in the deep cores samples 
at concentrations of 3.4 to 4.2 ng·g−1 and 2.5 and 3.6 ng·g−1, respectively. 

4. Conclusion 
With the exception of estrone from clay soils, the ASE and sonication techniques were efficient at extracting a 
large suite of estrogens, androgens and progestogens, as well as their metabolites, from varying soils types. 
Coupling these techniques with the incorporation of ISTDs provided accurate and reliable detection of hormones 
at environmentally relevant concentrations without the need for soil pretreatment (drying, sieving or lyophiliz-
ing) or post-extraction cleanup. Choosing the proper ISTD to account for target analyte losses and matrix affects 
is vital to achieve accurate target analyte concentrations since differences in their apparent recoveries can lead to 
under- or overestimations of target analytes. Finally, to avoid possible losses during sample storage, it is rec-
ommended that soil samples be processed within 30 days of sample collected. 
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Supplemental Information 
Table SI.1. Physical and chemical characteristics of the experimental matrices.                                                  

 pH Composition sand/silt/clay (%) Organic matter (%) CEC (meq/100 g) Moisture content (%) 

Ottawa sand 8.1 98/1/1 0.1 1 0 

Antigo silt loam 6.7 48/45/7 2.2 9 4.7 

Clay 6.2 0/33/67 2.7 39 19.6 

Organic 6.2 56/30/14 38.4 3 83.0 

Native 7.6 34/37/29 3.8 18 17.7 

 
Table SI.2. Binary mobile phase gradient program (A = 0.1% formic acid, B = methanol).                                   

Time (minutes) %A %B 

0.00 97.0 3.0 

2.00 97.0 3.0 

2.10 50.0 50.0 

5.00 50.0. 50.0 

8.00 33.0 67.0 

10.00 33.0 67.0 

20.00 22.0 78.0 

23.00 0.0 100.0 

23.10 97.0 3.0 

33.00 97.0 3.0 
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Table SI.3. MRM m/z values and residence time for the target analytes and isotopically-labeled analogues (*denotes com-
pounds for which APCI molecular ion generation involves the loss of H20). Note: DP = declustering potential; CE = colli-
sion energy; CXP = collision cell exit potential.                                                                

 
MRM Precursor  

Ion 
(m/z) 

MRM  
Product Ion 

(m/z) 

DP 
(V) 

CE 
(V) 

CXP 
(V) 

Retention Time 
(min) 

Target Analyte       

17β-estradiol 255* 159 66 21 14 22.2 

Estrone 253* 197 66 29 18 20.4 

Estriol 271* 133 51 35 10 14.5 

Zearalanol 305* 189 61 27 12 18.5 

Zearalenone 301* 283 71 23 24 23.5 

Zearalanone 321 303 36 19 18 22.8 

Testosterone 289 109 81 33 6 23.9 

5α-androstan-17β-ol-3-one 273* 255 66 21 6 26.5 

Androsterone 273* 255 51 17 16 27.1 

5α-androstane-3,17-dione 289 272 41 17 18 23.8 

4-androstene-3,17-dione 287 97 41 33 6 21.6 

Boldenone 287 121 11 33 8 20.9 

Nandrolone 275 109 56 39 8 22.1 

17β-trenbolone 271 253 71 31 22 20.9 

17α-trenbolone 271 253 56 29 16 20.6 

Progesterone 315 109 61 35 8 27.1 

17,20-dihydroxyprogesterone 333 271 56 27 18 23.9 

Melengestrol 355 337 46 25 20 24.5 

Melengestrol acetate 397 337 36 21 20 26.9 

Isotopically-labeled Analogue       

17β-estradiol d5 260* 162 51 25 10 22.1 

Estriol-d3 274* 256 61 17 16 14.5 

α-zearalenol-d4 325 288 16 17 18 19.5 

Testosterone-d5 294 100 71 33 6 23.7 

Testosterone d3 292 97 56 33 16 23.7 

17β-trenbolone-d3 274 256 66 29 16 20.8 

Progesterone d9 325 100 121 39 8 27.0 

Melengestrol-d3 358 282 56 29 18 26.8 

Melengestrol acetate-d3 400 340 46 21 20 24.4 
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Table SI.4. Instrumental detection limit (IDL) and limits of quantitation (LOQ) for each target analyte analyzed on the 
HPLC-MS/MS.                                                                                                 

Target Analyte IDL (ng·g−1) LOQ (ng·g−1) 
17β-estradiol 0.3 0.8 

Estrone 0.4 1.3 
Estriol 0.4 1.2 

α-zearalenol 0.9 2.7 
Zearalenone 0.2 0.7 
Zearalanone 0.4 1.2 
Testosterone 0.2 0.6 

5α-androstan-17β-ol-3-one 0.3 0.8 
Androsterone 0.1 0.3 

5α-androstane-3,17-dione 0.5 1.4 
4-androstene-3,17-dione 0.1 0.3 
1-dehydrotestosterone 0.3 0.8 
17β-nortestosterone 0.2 0.7 

17β-trenbolone 0.2 0.5 
17α-trenbolone 0.1 0.4 
Progesterone 0.1 0.4 

17,20 dihydroxyprogesterone 0.3 0.8 
Melengestrol acetate 0.1 0.3 

Melengestrol 0.3 0.8 

 

 
Figure SI.1. Apparent recoveries (average ± standard deviation, n = 3) of isotopically-labeled standards spiked with 50 μL 
of 10 μg·mL−1 (in methanol) into sand (black), silt loam (white), clay (striped) and organic (hatched) soil and extracted with 
ASE (A); Soxhlet (B) and sonication (C).                                                                     
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Figure SI.2. Background concentrations in sand (black), silt loam (white), 
clay (striped) and organic (hatched) soil samples extracted with ASE (A); 
Soxhlet (B) and sonication (C).                                                           
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