
1

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:10698  | https://doi.org/10.1038/s41598-020-67484-7

www.nature.com/scientificreports

Analysis of non‑conjugated 
steroids in water using paper spray 
mass spectrometry
fred. p. M. Jjunju1, Deidre e. Damon2, David Romero‑perez1, iain S. Young3, Ryan J. Ward1, 
Alan Marshall1, Simon Maher1* & Abraham K. Badu‑tawiah2*

A novel strategy for the direct analysis of non‑conjugated steroids in water using paper spray mass 
spectrometry (PS-MS) has been developed. PS-MS was used in the identification and quantification of 
non-conjugated (free) steroids in fish tank water samples. Data shown herein indicates that individual 
amounts of free steroids can be detected in aqua as low as; 0.17 ng/µL, 0.039 ng/µL, 0.43 ng/µL, 
0.0076 ng/µL for aldosterone, corticosterone, cortisol, and β‑estrone, respectively, and with an 
average relative standard deviation of ca. < 10% in the positive ion mode using PS-MS/MS. Direct 
detection of free steroids in a raw water mixture, from aquaculture, without prior sample preparation 
is demonstrated. The presence of free steroids released in fish water samples was confirmed via 
tandem mass spectrometry using collision‑induced dissociation. this approach shows promise for 
rapid and direct water quality monitoring to provide a holistic assessment of non-conjugated steroids 
in aqua.

Steroids are a class of biologically active compounds with 17 carbon atoms arranged in a four-member ring 
system that are vital in a wide range of biological functions (i.e. cellular signaling, growth, development etc.)1. 
The main steroids of biological importance include cholesterol, sterols, bile acids, corticosteroids (e.g., cortisol, 
corticosterone) and sex steroids (e.g., estrogens, androgens)2. There is a growing interest in the development of 
new analytical tools for steroid analysis due to the potential of steroids as biomarkers for a variety of diseases, 
their potential misuse to enhance performance in  sports3–5, and their use in animal production and to monitor 
animal welfare (e.g., cortisol, the primary stress hormone)6.

Aquaculture for food production has been valued globally at around $160  billion7. High stress (in fish) 
is reported during transport, capture and stocking procedures, which can be correlated with plasma cortisol 
 levels8–10. This leads to increased energy consumption, decreased feeding, increased susceptibility to disease and/
or impaired  survival11,12. Due to the increasing importance of aquaculture as a means of food production and 
the impact of stress on production efficiency, fish welfare is becoming an increasingly important issue for the 
industry. Therefore, there is a pressing need for new analytical innovations to monitor fish health and welfare. 
In this study we focus on establishing direct mass spectrometric approaches for rapid steroid measurements, 
including cortisol, which has implications for measuring stress in fish in aqua as an early warning of welfare 
 issues13, as well as for environmental  monitoring14, without causing undue stress or destruction of the animals.

The analysis and quantification of steroids is important due to their vital biological roles (i.e. development, 
reproduction regulations) in  animals15. For example, β-estrone, a sex hormone, possesses potent antioxidant 
properties and plays important roles in maintaining normal reproductive and non-reproductive  functions15. 
However, even in trace amounts, β-estrone may have adverse effects on humans and the aquatic  ecosystem16. 
It is therefore essential to reliably determine trace amounts (at environmentally relevant concentrations) of 
β-estrone and other hormones in water. In relation to monitoring fish, in aqua steroid measurements are non-
invasive (unlike blood tests) and therefore do not require any physical intervention (e.g., anesthetic injection, 
handling, bleeding). This ensures that results are not influenced by any stress incurred during sampling, whilst 
also allowing concurrent monitoring of the animal  behavior17.
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Radioimmunoassay (RIA) is the most common analytical method used to measure steroids with good sensi-
tivity and  reproducibility18,19. RIA is gradually being replaced by enzyme-linked immunosorbent assays (ELISA) 
because of legislation relating to laboratory  waste20,21. However, there are well-known difficulties associated 
with ELISA: as an immunoassay, it is sensitive to incubation time and temperature making standardization 
difficult, it is prone to cross reactivity with other analytes in the sample and ELISA can suffer from limited 
 sensitivity21. A combination of solid phase extraction (SPE) followed by liquid/gas chromatography (LC/GC) 
mass spectrometry (SPE/LC/GC–MS) is the principal antibody-free analytical method with little or no hazardous 
waste accumulated during the detection of steroids in  water22,23. SPE/LC–MS is a highly sensitive and selective 
method, which makes it suitable for both qualitative and quantitative steroid  analysis24. However, SPE/LC–MS 
is time-consuming and requires relatively extensive sample workup to minimize matrix  effects25,26. A rapid, high 
throughput, non-invasive, quantitative methodology for measurement of steroids in water without disturbing the 
fish, could provide critical information on animals in aquaculture and allow more effective farm management 
decisions to be made in a timely  manner27,28.

Ambient ionization mass spectrometry (AI-MS)29–31 combined with tandem mass spectrometry (MS/MS) 
represents a promising solution for the simplification and/or elimination of sample preparation procedures for 
steroid analysis in aqua without impacting on the welfare of the animals. AI-MS is becoming widely accepted 
for the direct analysis of untreated samples, whereby sampling and ionization is conducted in ambient condi-
tions with no (or minimal) sample  workup29,32. The fact that no sample preparation or prior extraction steps are 
needed during analysis means that AI-MS analysis workflows are simple, which ultimately reduces the total MS 
analysis time (from sample to result)33. Some of the more popular ambient ionization methods include desorption 
electrospray ionization (DESI)34, direct analysis in real time (DART)35, desorption atmospheric pressure chemical 
ionization (DAPCI)36,37, nano-desorption electrospray ionization (nano-DESI)38, low temperature plasma (LTP)39 
and paper spray (PS)40,41, amongst others. These methods have been successfully deployed for the analysis and 
quantification of a wide range of samples in complex mixtures without any sample pre-treatment32,42–47.

PS ionization is a relatively new AI-MS method, which has been successfully applied in the direct analysis 
and quantification of complex molecules, ranging from small organics to large biological molecules including 
dried blood under ordinary ambient  conditions32,48–50. With PS-MS sample collection, separation and ioniza-
tion are combined in one step. As such, it offers potential advantages, including: high-throughput, less solvent 
waste, ease of use, and the possibility to interface with a portable mass spectrometer because little/no sample 
preparation is required. This makes PS an attractive option for non-invasive (i.e., without disturbing fish), rapid 
and potentially on-site analysis, if it can be applied to the measurement of steroids in aqua. For example, recent 
studies utilizing PS have been successfully applied to the analysis of amines in water  samples51,52, petroleum oil 
 samples53,  pesticides54, and a wide range of other  analytes55.

In the present study, we report the detection and quantification of water-borne non-conjugated (free) steroids 
(i.e. cortisol, corticosterone, aldosterone and β-estrone) in crude water samples collected from industrial fish 
tanks using PS-MS/MS. The samples are representative of the majority of aquaculture applications, as well as other 
allied scenarios (e.g., research related fish studies), which often require holistic monitoring of entire stock where 
in aqua steroid levels are relatively high due to the high fish densities encountered (e.g.,  105 fish in a single tank 
is common). Sample preparation was reduced to dilution of the standard model compounds in methanol while 
the raw water samples were analyzed directly as supplied without any pre-treatment or pre-concentration. The 
ability to identify free steroids in aqua can be achieved at trace levels, including β-estrone which was detected 
at part per billion level. The relative standard deviations were < 10% and over two orders of magnitude dynamic 
range was observed.

Results and discussion
First, to investigate the potential of PS-MS for steroid analysis and to establish an analytical procedure, the 
standard model compounds were analyzed and characterized using tandem mass spectrometry followed by 
quantitative analytical performance measurements. After establishing the analytical approach, 13 raw aquaculture 
samples were analyzed quantitatively for the four free steroids in question (i.e. cortisol (Mw 362), corticosterone 
(Mw 346), aldosterone (Mw 360), and β-estrone (Mw 270)).

Direct analysis and solvent optimization of free steroids in the positive ion mode using 
pS‑MS. Figure 1 shows the recorded PS mass spectra of cortisol (Mw 360) and β-estrone (Mw 270) model 
compounds in positive mode, using [MeOH/H2O], 1:1 v/v, as the standard spray solvent. In Fig. 1A (i), an intense 
sodium adduct ion, [M + Na]+, of cortisol at m/z 385 and a less intense protonated molecular ion, [M + H]+, at 
m/z 363 are observed. The corresponding mass spectrum of β-estrone recorded with PS-MS is shown in Fig. 1B 
(i).

Figure 1.  (A) Positive ion mode paper spray mass spectra of cortisol (MW 362) model compound analyzed 
using a bench-top ion trap mass spectrometer for various spray solvents: (A) (i) with 20 µL MeOH/H2O (1:1), 
(A) (ii) MeOH/H2O (1:1) doped with 500 mM formic acid, (A) (iii) MeOH/H2O (1:1) doped with 0.05 mM 
HCl and (A) (iv) shows the MS/MS CID data for the selected protonated molecular ion [M + H]+ at m/z 363 
for the HCl doped spray solvent of (A) (iii); (B) β-estrone (Mw 270), analyzed with/without acid doping in a 
similar fashion; (B) (i) with 20 µL MeOH/H2O (1:1), (B) (ii) MeOH/H2O (1:1) doped with 500 mM formic acid, 
(B) (iii) MeOH/H2O (1:1) doped with 0.05 mM HCl and (B) (iv) shows the MS/MS CID data for the selected 
protonated molecular ion [M + H]+ at m/z 271 for the HCl doped spray solvent of (B) (iii). In all cases absolute 
amounts of analyte were spotted onto a filter paper and ionized in the open air by application of an electric 
potential (+ 5 kV), 5 µL, viz 5 ng/µL.

◀
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When the standard spray solvent, MeOH/H2O, 1:1 v/v, was doped with a weak acid (500 mM of formic acid), 
an intense protonated molecular ion, [M + H]+, at m/z 363 for cortisol and m/z 271 for β-estrone was obtained 
with the corresponding sodiated peaks diminishing (Fig. 1A (ii), B (ii), respectively). When doping the spray 
solvent with a stronger acid, 0.05 mM of hydrochloric acid (HCl), the intensity of the protonated peak intensi-
fies and any sodiation is difficult to distinguish from the noise for both cortisol and β-estrone (Fig. 1A (iii), B 
(iii), respectively).

These results are in good agreement with  ESI56 and  MALDI57. The effect of adding a dopant such as formic 
acid (500 mM) or HCl (0.05 mM) to the PS solvent (MeOH/H2O, 1:1 v/v) shows that the mechanism of ionization 
immediately favors the formation of the protonated molecule, [M + H]+, by proton transfer. The most likely point 
of protonation on the steroid molecule is at the hydroxyl (OH)  group58. Many biologically important molecules, 
such as the steroids studied herein, cannot be easily ionized using the typical paper spray solvent (methanol/
water (1:1, v/v)) due to ion  suppression59. This is because many biological samples contain salts, and many ions 
compete for  charge60. The addition of a dopant such as HCl favors the production of the protonated molecular, 
[M + H]+, ion with little or no fragmentation (Fig. 1A (iii), B (iii)).

Tandem mass spectrometry (MS/MS) with collision induced dissociation (CID) was used to confirm the 
identity and the chemical structure of the analyzed steroid compounds; i.e., the protonated molecular ion, 
[M + H]+, of the model compounds studied using PS-MS. Figure 1A (iv), B (iv) show the CID mass spectra of 
cortisol and β-estrone obtained for the dissociation of the protonated molecular ion at m/z 363 and m/z 271, 
respectively (whereby the spray solvent was doped with HCl). Notice that, upon CID activation (Fig. 1A (iv)), 
the [M + H]+ ion at m/z 363 for cortisol resulted in the less intense fragment peak at m/z 345 due the loss of water 
[− 18 Da or − H2O] followed by subsequent loss of another water molecule resulting in a higher intense frag-
ment ion at m/z 327. A similar CID fragmentation transition was also obtained for β-estrone at m/z 271 (Fig. 1B 
(iv)). Water losses due to MS/MS activation are characteristic transitions of most steroids with a hydroxyl group 
that can be readily lost as a water molecule [− 18 or − H2O]. The fragmentation pattern observed confirms the 
identity and the structure of the model steroid compounds studied. Other model compounds studied include 
corticosterone (Mw 346) and aldosterone (Mw 360), with full MS and CID data given in the supplementary 
information (Figures S1 and S2).

Most polar steroids can be readily protonated or deprotonated using PS-MS (in positive or negative ion 
mode). However, the degree of their protonation is also dependent on their proton affinity (with high proton 
affinity favoring formation of the protonated molecule)61. The addition of dopants can improve the analytical 
specificity and detection limits for certain analytes in complex  mixtures51. As observed in Fig. 1, the steroids 
analyzed, cortisol and β-estrone, using PS-MS with an acid dopant (i.e. either formic acid or HCl), yielded domi-
nant protonated molecular ion species, [M + H]+, with diminished sodium adducts, [M + Na]+, compared to the 
standard spray solvent MeOH/H2O (1:1, v/v). The proton affinities of the steroids studied can be estimated to be 
in the range 820–870 kJ mol−1 based on the method of Prof. Graham Cooks (by using group equivalent effects 
on the known values of simple analogues)62. As such, steroids can be protonated in the presence of proton donat-
ing additives such as water, formic acid or HCl (Fig. 1) when analyzed using PS-MS. As demonstrated in this 
study, the ability to improve the ionization of steroids through protonation ([M + H]+) by adjusting the dopant 
composition is effective. This can be particularly useful when molecular weight confirmation is required in the 
presence of other competing analyte(s).

By adjusting the solvent composition, the type of adduct ions obtained can be effectively manipulated in 
both the positive and negative ion modes. As seen in Fig. 1, this can have a significant bearing on ion formation. 
The various physical and chemical properties of a solvent (i.e. polarity, volatility, surface tension, etc.) play a 
significant role in the spray process of  PS63 and many similarities are observed when compared with conven-
tional electrospray  ionization5. Typically, the spray solvent composition is adjusted, as well as the sample solvent 
(where possible), to optimize the spray conditions for the analysis at  hand64,65. As shown in Fig. 2, the addition 
of a dopant to the paper spray solvent greatly improves the signal intensity of the target analyte(s) by promoting 
a favorable ionization mechanism (i.e. protonation [M + H]+).

Quantitative analysis. The free steroid model standards in 5 µL of water dried onto a paper surface and 
spiked with 5 µg/mL of cortisol-1α,2α-d2 were analyzed with MeOH/H2O (1:1, v/v) doped with 0.05 mM HCl. 
The analytical performance of PS-MS was carried out in the MS/MS mode using CID transitions (m/z 361/315, 
m/z 347/293, m/z 363/327, m/z 271/158; for aldosterone, corticosterone, cortisol, and β-estrone, respectively and 
m/z 365/269 for cortisol-1α,2α-d2). The intensity ratios of the two transitions were plotted against the known 
concentrations of the standard to build the calibration curves for the model compounds with a minimum of 5 
points over a linear dynamic range of concentrations (0.1–10 µg/mL) covering the expected sample concentra-
tion (Figure S3, supplementary information). The limit of detection (LOD) was determined as the concentration 
that produces a signal more than three times greater than the standard deviation plus the mean value of the 
blank, in the MS/MS mode using CID. The limit of quantitation (LoQ) was determined as the concentration that 
results in a signal 10 times greater than the standard deviation plus the mean value of the blank. The LODs of 
the four model compounds were determined to be 0.17 ng/µL, 0.039 ng/µL, 0.43 ng/µL, 0.0076 ng/µL for aldos-
terone, corticosterone, cortisol, and β-estrone respectively, with a relative standard deviation of ca. < 10%. While 
the LoQ of these steroids in aqua was determined to be 0.39 ng/µL, 0.064 ng/µL, 0.48 ng/µL, and 0.41 ng/µL for 
aldosterone, corticosterone, cortisol, and β-estrone, respectively, in the positive ion mode with HCl (0.05 mM) 
doped in the standard spray solvent, MeOH/H2O (1:1, v/v) (Table 1). These results are in good agreement with 
previous studies, where chloride ions have been utilized in the selective ionization of carbohydrates using con-
ventional  ESI66–68.



5

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:10698  | https://doi.org/10.1038/s41598-020-67484-7

www.nature.com/scientificreports/

Direct analysis of free steroids in the negative ion mode using pS‑MS. Steroids in the negative 
ion mode were also investigated using MeOH/H2O (1:1, v/v) doped with formic acid or HCl. The standard 
model compounds were not detected using the standard PS solvent MeOH/H2O (1:1, v/v). Even the addition 
of a weak acid dopant (500 mM formic acid) did not favor any ionization for the model steroid compounds in 
the negative mode. However, upon the addition of a stronger acid dopant (0.05 mM of HCL) to the PS spray 
solvent, all of the steroid analytes analyzed could form stable 35Cl- adducts, [M + 35Cl]−, with high intensity in the 
negative ion mode (Fig. 3A–D). Gas phase ion/molecule reactions can readily take place during the ionization 
process during paper spray analysis. It was found that the free steroids formed chloride adducts [M + Cl]− in the 
negative ion mode when a diluted hydrochloric acid solution (0.05 mM) was doped in the paper spray solvent. 
The reactive paper spray experiment (Fig. 3) can, therefore, enhance the specificity of free steroid detection from 
complex sample mixtures. Moreover, the stability of the chloride adducts [M + Cl]− affords improved sensitiv-
ity, perhaps due to the higher affinity of chloride ions compared to protons. This is also supported by the CID 
experiments of free steroid chloride adducts [M + Cl]−, which gave no fragments with the highest possible energy 
setting for collisions in our instrument (200 eV), demonstrating the stability of the chloride adducts, [M + Cl]−. 
As such, reliable identification can be achieved using exact mass measurement experiments of the parent ions 

Figure 2.  PS MS solvent optimization (MeOH/H2O 1:1, v/v, MeOH/H2O 1:1/ 500 mM Formic acid, MeOH/
H2O 1:1/ 0.05 mM HCl) for the analysis of free steroid model compounds (i.e. aldosterone, corticosterone, 
cortisol and β-estrone), whereby each bar represents the mean abundance of the protonated molecular ion peak. 
Error bars indicate the standard deviation of the samples.

Table 1.  Chemical structures and CID product ions of the non-conjugated model standard steroids analyzed.

Name Structure Mw Ions detected
MS/MS CID transitions (quantification 
ion in bold) LOD (ng/µL) LOQ (ng/µL)

Aldosterone
  

360 [M + H]+ 361 → 315, 329, 343 0.17 0.39

Corticosterone
  

346 [M + H]+ 347 → 293, 311, 329 0.039 0.064

Cortisol
  

362 [M + H]+ 363 → 327, 345, 299 0.43 0.48

β-estrone

  

270 [M + H]+ 271 → 158, 213, 353 0.0076 0.41
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from a high-resolution  instrument69. The results obtained for the analysis of steroids in the negative ion mode 
are in agreement with those previously reported for the analysis of free and total cortisol in complex mixtures 
using LC-ESI with tandem mass  spectrometry66.

pS‑MS analysis of steroid mixture. In this experiment a multicomponent stock solution of the model 
steroids (i.e. corticosterone (Mw 346), cortisol (Mw 362), aldosterone (Mw 360), β-estrone (Mw 270)) consisting 
of 10 µg/mL of each component in methanol solution was made up. The mixture was then analyzed using PS-MS 
operated in both positive and negative ion modes. A 5 μL aliquot of the matrix solution was spotted onto the 
paper substrate and analyzed using the commercial ion trap bench-top mass spectrometer. Figure 4A shows the 
mass spectra obtained from the analysis of the steroid artificial mixture using PS-MS in positive mode. In nega-
tive mode, the ability to form [M + Cl]− adducts (Fig. 4B) with all the studied model compounds greatly simpli-
fies the resulting mass spectra for mixture analysis without any prior separation. This approach can potentially 
be very useful for field applications, when coupled with miniaturized mass spectrometers.

Quantification of free steroids in fish water samples. The analysis of cortisol, aldosterone, corti-
costerone and β-estrone in real aquaculture water samples was investigated using PS-MS without any sample 
preparation. Thirteen (13) raw water samples were collected from fish tanks representing various conditions (not 
known to the authors), supplied by a fish farming company (who cannot be disclosed for commercial reasons), 
without any prior sample workup. A 5 μL volume from each raw sample was deposited onto individual paper 
substrates and analyzed using a commercial benchtop mass spectrometer in positive ion mode. Figure 5 shows a 
representative mass spectrum from one of the raw fish water samples (sample 8). When using the standard sol-
vent system, a moderately intense ion at m/z 361 is observed, suspected to be a protonated aldosterone molecular 
ion, as well as an intense peak at m/z 383 suspected to be its corresponding sodium adduct, [M + Na]+ (Fig. 5A). 
In support of our suspicions as to the identity of these peaks, we then doped the spray solvent with 0.05 mM 
of HCl and a quite distinct mass spectrum was observed (Fig. 5B). The addition of a strong acid suppresses the 
sodiation ionization process favoring protonation of the steroid compounds in the mixture. Hence in Fig. 5B, 
only the protonated molecular ion species, [M + H]+, of aldosterone, at m/z 361, is distinguishable in the full MS 
mode; its identity was confirmed using MS/MS CID (Fig. 5D). The other steroid compounds (corticosterone, 

Figure 3.  Negative ion mode paper spray mass spectrum of: (A) cortisol (Mw 362), (B) Aldosterone (Mw 360), 
(C) β-estrone (Mw 270) and (D) corticosterone (Mw 346) model steroid compounds, analyzed using a bench-
top ion trap mass spectrometer with MeOH/H2O (1:1) doped with 0.05 mM HCl. Absolute amounts of analyte 
spotted onto a filter paper and ionized in open air by application of an electric potential (5 kV), 5 µL, viz 5 ng/
µL.
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Figure 4.  PS-MS analysis of the steroid model compounds (aldosterone (Mw 360), cortisol (Mw 362), β-estrone 
(Mw 270) and corticosterone (Mw 346)) in a mixture using a bench-top instrument. 5 µL, viz 10 µg/mL of 
analytes contained in the mixture were deposited onto the paper spray substrate. Ionization was performed 
in the open environment without any sample preparation by application of an electric potential of + 5 kV 
and − 5 kV in the positive and negative ion mode, respectively, using 20 µL MeOH/H2O (1:1, v/v) spray solvent 
doped with 0.05 mM of HCl as the PS-MS solvent: (A) relates to the positive mode, were model compounds in 
the mixture gave intact protonated [M + H]+ molecular peaks, and, (B) relates to the negative ion mode were  Cl− 
adducts are obtained. Insert (i) in (B), is a zoomed in portion of the spectrum illustrating the expected chorine 
isotopic distribution.
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cortisol and β-estrone) were also observed in the raw sample and their identities confirmed by MS/MS CID 
experiments, as shown in Fig. 5 C, E, F (which all utilized PS solvent MeOH/H2O, doped with 0.05 mM of HCl). 
Expectedly the presence of steroids in the samples could not be confirmed in the same fish water samples when 
analyzed with the ‘normal PS-MS’, using PS solvent MeOH/H2O (1:1, v/v). Table 2 summarizes the results for the 
quantification of the free steroids in the raw fish water samples analyzed using PS-MS/MS. The mass spectra for 
samples 1–13 (except sample 8) are shown in the supplementary information in Figures S4–S15.

The analysis of free steroids in fish water using MeOH/H2O (1:1, v/v) as the PS solvent does not yield suitable 
results due to ion suppression. This is due to the salt concentration variations, which are likely to be encountered 
in most biological and environmental samples. Doping the standard PS solvent, MeOH/H2O (1:1, v/v), with a 
strong acid such as HCl enables protonation of free steroids in complex water samples to generate stable [M + H]+ 
species with improved sensitivity for target molecules present in complex mixtures. Although the inclusion of 
a fractional amount of a weak acid is common practice for MS techniques to aid protonation, the addition of a 

Figure 5.  Positive ion mode paper spray mass spectra for the direct detection of free steroids in raw fish 
water samples. Approx. 5 μL volume of sample was deposited onto the paper substrate and ionized in the open 
environment by application of an electric potential of + 5 kV. Fish water sample 8 was analyzed using MeOH/
H2O (1:1) as the spray solvent in (A). MeOH/H2O doped with 0.05 mM of HCl as the spray solvent in (B). (C)–
(F) are the MS/MS CID mass spectra for the protonated molecular species, [M + H]+, of: (C) corticosterone at 
m/z 347, (D) aldosterone at m/z 361, (E) cortisol at m/z 363, and (F) β-estrone at m/z 271, all with HCl doped in 
the spray solvent.
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stronger acid, HCl, to the PS solvent for the suppression of sodiated adduct, [M + Na]+, formation was more effec-
tive. We attribute the high sensitivity of the protonated ion type to the occurrence of only one major fragment ion.

In this study, free steroid hormones (aldosterone, corticosterone, cortisol and β-estrone) in water were 
detected using PS-MS. The detected free steroid hormones can be released into the water via three main routes; 
the bile, the urine and the  gills70. We detected the presence of free steroid hormones in most of the raw samples 
tested. A potential factor contributing to the higher hormone concentrations detected in the samples relates to 
the fact that these compounds accumulate in water systems, particularly when there are very large populations 
(i.e., high stock density) as is to be expected in commercial aquaculture.

The method provides a good basis for relative measure of free steroids in a non-invasive manner to monitor 
a fish stock holistically. For example, cortisol levels were found to be relatively high in some samples. It is well 
known that fish which encounter a stressful stimuli launch an endocrine stress response to release glucocorticoids 
(i.e. cortisol) into the water through the gills, urine, feces or  mucus8. The cortisol levels detected in the studied 
samples (Table 2) show some agreement with those reported in previous studies using HPLC–MS71–73. Typical 
stressors can occur when water renewal is limited and stocking densities are high as well as during transporta-
tion and  vaccination73. Whilst the reported LODs herein are higher than those from other analytical methods 
(e.g., LC/MS, RIA), the detection of steroids at the endogenous level in water has been achieved. The detection 
of hormones in water using a non-invasive method (i.e., without disturbing fish) such as PS-MS at higher con-
centrations can open up the possibility of on-site monitoring but in order to monitor the stock holistically, it 
would also require information on biomass, water flow rate and tank volume to calculate actual hormone release 
 rates74. The initial study presented herein demonstrates the possibility of this approach for rapid in aqua analysis. 
However, further optimization and validation studies would be required to extend this method for similar appli-
cations where other factors may be prominent (e.g., environmental factors, water chemistry (turbidity, pH), etc.).

conclusion
The ability to detect and characterize free steroids in raw water samples collected from fish water tanks has 
been demonstrated using PS-MS/MS in the positive mode. Negative ion mode operation also shows promise, 
however the stability of the chloride adduct prevented collisionally activated dissociation with the instrument 
used. Further studies could address this limitation and/or investigate the possibility of steroid analysis using 
paper spray in the negative ion mode using exact mass measurement with a high-resolution mass spectrometer. 
In positive mode, the detection limits obtained suggest that this approach is suitable for direct and rapid detec-
tion of free steroids in raw water, although, as might be expected, it registers higher detection limits than those 
that can be obtained from GC- and LC–MS analytical  methods24,75. With the capability of PS-MS to perform 
direct analyses on unmodified samples in a simple manner, the method demonstrated in this study shows great 
promise for non-invasive in aqua monitoring of fish stocks holistically in aquaculture, with minimal disruption.

The method provides a basis for the relative measure of free steroids in a non-invasive manner without any 
intervention other than collection of a water sample. The manual approach used herein allows a result to be 
obtained within ~ 1 min from sampling. A key advantage is being able to monitor the holistic profile of steroid 
hormones secreted in to a body of water. However, a potential drawback of the free steroids measurement in 
water is that it effectively integrates the free steroid release of all members of a population. As such, larger inter-
individual differences in, for example, plasma concentrations of individuals may make a greater contribution 
to the overall free steroid concentration as determined from the collective. Nevertheless, the simplicity of paper 
spray ionization and the ability to analyze raw fish water samples without sample preparation further enhances 
the potential for coupling to a portable or miniaturized mass spectrometer for on-site analysis. Such a system in 
operation could be of great benefit for the aquaculture industry (e.g., for routine health monitoring and quality 
control).

Table 2.  Direct detection of free steroids in raw fish water samples analyzed using PS-MS. xx Analyte 
concentrations were extrapolated above the highest calibrator; ND not detected.

Water sample

Absolute concentration of steroids ng/µL in fish water samples

Aldosterone Corticosterone Cortisol β-Estrone

S no. 1 1.08 ± 0.11 0.60 ± 0.08 21.65xx ± 0.46 6.74 ± 0.03

S no. 2 4.27 ± 0.09 1.22 ± 0.07 52.57xx ± 1.24 3.66 ± 0.03

S no. 3 1.13 ± 0.11 0.66 ± 0.08 16.56xx ± 0.34 3.81 ± 0.03

S no. 4 2.48 ± 0.10 1.00 ± 0.07 20.25xx ± 0.43 9.30 ± 0.04

S no. 5 0.80 ± 0.11 0.62 ± 0.08 8.61 ± 0.17 1.76 ± 0.03

S no. 6 0.63 ± 0.11 0.26 ± 0.08 6.13 ± 0.13 4.09 ± 0.03

S no. 7 1.81 ± 0.10 0.67 ± 0.08 24.56xx ± 0.54 2.93 ± 0.03

S no. 8 1.23 ± 0.11 1.36 ± 0.07 27.16xx ± 0.60 4.05 ± 0.03

S no. 9 2.13 ± 0.10 0.81 ± 0.08 36.48xx ± 0.84 4.31 ± 0.03

S no. 10 1.46 ± 0.10 0.52 ± 0.08 35.67xx ± 0.81 3.52 ± 0.03

S no. 11 0.78 ± 0.11 0.31* ± 0.08 20.32xx ± 0.43 4.48 ± 0.03

S no. 12 1.54 ± 0.10 0.79 ± 0.08 34.79xx ± 0.79 4.55 ± 0.03

S no. 13 ND 0.18 ± 0.08 1.07 ± 0.14 10.65xx ± 0.05
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experimental methods
chemicals and standards. The chromatography paper used as sample substrate was Whatman Grade I 
cellulose (Whatman International Ltd, Maidstone, UK). The PS organic solvents used include: methanol (HPLC 
grade), formic acid (reagent grade ≥ 95%), and hydrochloric acid (0.1 mol/L (0.1 N), pH = 1.2  (H2O, 20 °C)). 
All the standard model compounds (i.e. cortisol, corticosterone, and aldosterone, β-estrone, cortisol-1α,2α-d2, 
(HPLC grade, ≥ 95%)) were purchased from Sigma-Aldrich (UK). Thirteen (13) raw water samples were received 
from a commercial aquaculture company and used without preparation.

Sample preparation. Pure steroid model compounds (i.e. cortisol, corticosterone, and aldosterone, 
β-estrone, cortisol-1α,2α-d2 (HPLC (grade, ≥ 95%)) were diluted to a target concentration in methanol (HPLC 
grade). The raw aquaculture water samples were analyzed as supplied without any sample preparation or purifi-
cation using PS-MS. 5 µL of the sample was pipetted onto a cut paper triangle and analyzed directly.

pS‑MS instrumentation. All steroid analysis was performed using a Thermo Scientific Velos Pro LTQ 
linear ion trap mass spectrometer (San Jose, CA, U.S.A.) tuned to the precursor ion of interest. The capillary tem-
perature, capillary voltage, tube lens voltage were set to; 150 °C, 15 V, and 60% Slens voltage, respectively, in both 
positive and negative ion mode. Whatman grade 1 chromatography filter paper was used as the PS substrate. A 
DC voltage of ± 5.0 kV was applied on the PS substrate in all experiments. Figure 6 shows a sketch of the PS-MS 
experimental setup used in the analysis of free steroids in water.

A 5 µL aliquot of each sample was deposited on a filter paper surface followed by 20 µL of 1:1 MeOH/H2O 
(v/v) PS solvent, doped with either 500 mM formic acid or 0.05 mM HCl and analyzed directly without any sam-
ple preparation. Tandem mass spectrometry (MS/MS) was used for the structural elucidation, analyte identifica-
tion and quantification. MS/MS was performed on the molecular ions of interest by collision-induced dissociation 
(CID) using an isolation window of 0.1–1.5 Th (mass/charge units) and normalized collision energy of 30–50 
(manufacturers unit). Cortisol-D2 internal standard was spiked to a total of 5 ng/µL into each test sample and 
calibrator prior to spotting onto the paper surface. All quantification was performed by comparing the average 
intensity of the analyte fragment divided by the average intensity of the cortisol-D2 fragment 365 → 269 (IS). The 
ion transitions used for quantification were 347 → 293, 363 → 327, 361 → 315, and 271 → 158 for corticosterone, 
hydrocortisone, aldosterone, and estrone, respectively.

Received: 2 December 2019; Accepted: 1 June 2020

References
 1. Delanoue, R., Slaidina, M. & Léopold, P. The steroid hormone ecdysone controls systemic growth by repressing dMyc function in 

Drosophila fat cells. Dev. Cell 18, 1012–1021 (2010).
 2. Hernández-Bello, R. et al. Beyond the reproductive effect of sex steroids: their role during immunity to helminth parasite infec-

tions. Mini Rev. Med. Chem. 12, 1071–1080 (2012).
 3. Hammond, G. L. Plasma steroid-binding proteins: primary gatekeepers of steroid hormone action. J. Endocrinol. 230, R13 (2016).
 4. Bhawani, S., Sulaiman, O., Hashim, R. & Ibrahim, M. Thin-layer chromatographic analysis of steroids: a review. Trop. J. Pharm. 

Res. 9, 301–313 (2010).
 5. Keevil, B. G. LC–MS/MS analysis of steroids in the clinical laboratory. Clin. Biochem. 49, 989–997 (2016).
 6. Karavolias, J., Salois, M. J., Baker, K. T. & Watkins, K. Raised without antibiotics: impact on animal welfare and implications for 

food policy. Transl. Anim. Sci. 2, 337–348 (2018).
 7. Mathiesen, Á. M. (Food and Agriculture Organization of the United Nations, 2015).
 8. Barton, B. A., Haukenes, A. H., Parsons, B. G. & Reed, J. R. Plasma cortisol and chloride stress responses in juvenile walleyes during 

capture, transport, and stocking procedures. N. Am. J. Aquac. 65, 210–219 (2003).
 9. Mazeaud, M. M., Mazeaud, F. & Donaldson, E. M. Primary and secondary effects of stress in fish: some new data with a general 

review. Trans. Am. Fish. Soc. 106, 201–212 (1977).
 10. Barton, B. A. Salmonid fishes differ in their cortisol and glucose responses to handling and transport stress. N. Am. J. Aquac. 62, 

12–18 (2000).
 11. Davis, K. B. Management of physiological stress in finfish aquaculture. N. Am. J. Aquac. 68, 116–121 (2006).
 12. Ashley, P. J. Fish welfare: current issues in aquaculture. Appl. Anim. Behav. Sci. 104, 199–235 (2007).

Figure 6.  Schematic of the PS-MS experimental setup for the direct analysis of free steroids in water.



11

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:10698  | https://doi.org/10.1038/s41598-020-67484-7

www.nature.com/scientificreports/

 13. Deane, E. E. & Woo, N. Y. Modulation of fish growth hormone levels by salinity, temperature, pollutants and aquaculture related 
stress: a review. Rev. Fish Biol. Fish. 19, 97–120 (2009).

 14. Richardson, S. D. & Kimura, S. Y. Water analysis: emerging contaminants and current issues. Anal. Chem. 88, 546–582 (2015).
 15. Hammes, A. et al. Role of endocytosis in cellular uptake of sex steroids. Cell 122, 751–762 (2005).
 16. Adeel, M., Song, X., Wang, Y., Francis, D. & Yang, Y. Environmental impact of estrogens on human, animal and plant life: a critical 

review. Environ. Int. 99, 107–119 (2017).
 17. Scott, A. P. & Ellis, T. Measurement of fish steroids in water—a review. Gen. Comp. Endocrinol. 153, 392–400. https ://doi.

org/10.1016/j.ygcen .2006.11.006 (2007).
 18. Stanczyk, F. Z., Xu, X., Sluss, P. M., Brinton, L. A. & McGlynn, K. A. Do metabolites account for higher serum steroid hormone 

levels measured by RIA compared to mass spectrometry?. Clin. Chim. Acta 484, 223–225 (2018).
 19. Biancani, B., Dalt, L. D., Gallina, G., Capolongo, F. & Gabai, G. Fecal cortisol radioimmunoassay to monitor adrenal gland activity 

in the bottlenose dolphin (Tursiops truncatus) under human care. Mar. Mammal Sci. 33, 1014–1034 (2017).
 20. Metcalfe, S. S., Kroon, F. J., Beale, D. J. & Miller, G. Development of a validation protocol of enzyme immunoassay kits used for 

the analysis of steroid hormones in fish plasma. J. Exp. Mar. Biol. Ecol. 499, 26–34 (2018).
 21. Taylor, A. E., Keevil, B. & Huhtaniemi, I. T. Mass spectrometry and immunoassay: how to measure steroid hormones today and 

tomorrow. Eur. J. Endocrinol. 173, D1–D12 (2015).
 22. Boggs, A. S., Bowden, J. A., Galligan, T. M., Guillette, L. J. & Kucklick, J. R. Development of a multi-class steroid hormone screening 

method using liquid chromatography/tandem mass spectrometry (LC–MS/MS). Anal. Bioanal. Chem. 408, 4179–4190 (2016).
 23. Naldi, A., Fayad, P., Prévost, M. & Sauvé, S. Analysis of steroid hormones and their conjugated forms in water and urine by on-line 

solid-phase extraction coupled to liquid chromatography tandem mass spectrometry. Chem. Cent. J. 10, 30 (2016).
 24. Blue, S. W. et al. Simultaneous quantitation of multiple contraceptive hormones in human serum by LC–MS/MS. Contraception 

97, 363–369 (2018).
 25. Gao, W., Kirschbaum, C., Grass, J. & Stalder, T. LC–MS based analysis of endogenous steroid hormones in human hair. J. Steroid 

Biochem. Mol. Biol. 162, 92–99 (2016).
 26. Mei, M. et al. Monitoring of selected estrogen mimics in complicated samples using polymeric ionic liquid-based multiple mono-

lithic fiber solid-phase microextraction combined with high-performance liquid chromatography. J. Chromatogr. A 1385, 12–19 
(2015).

 27. Sánchez, F. C., Díaz, M. E., Rodríguez, E. M. & Aranda, D. A. First use of a non-invasive technique for determination of sex hor-
mones in the queen conch Lobatus gigas, Mollusca Gastropoda. Aquac. Int. 27, 437–448 (2019).

 28. Wudy, S., Schuler, G., Sánchez-Guijo, A. & Hartmann, M. The art of measuring steroids: principles and practice of current hormonal 
steroid analysis. J. Steroid Biochem. Mol. Biol. 179, 88–103 (2018).

 29. Black, C., Chevallier, O. P. & Elliott, C. T. The current and potential applications of ambient mass spectrometry in detecting food 
fraud. TrAC Trends Anal. Chem. 82, 268–278 (2016).

 30. Jjunju, F. In-Situ Mass Spectrometry Analysis Under Ambient Conditions (University of Liverpool, Liverpool, 2016).
 31. Maher, S., Jjunju, F. P. & Taylor, S. Colloquium: 100 years of mass spectrometry: perspectives and future trends. Rev. Mod. Phys. 

87, 113 (2015).
 32. Ma, X. & Ouyang, Z. Ambient ionization and miniature mass spectrometry system for chemical and biological analysis. TrAC 

Trends Anal. Chem. 85, 10–19 (2016).
 33. Lawton, Z. E. et al. Analytical validation of a portable mass spectrometer featuring interchangeable, ambient ionization sources 

for high throughput forensic evidence screening. J. Am. Soc. Mass Spectrom. 28, 1048–1059 (2017).
 34. Takats, Z., Wiseman, J. M., Gologan, B. & Cooks, R. G. Mass spectrometry sampling under ambient conditions with desorption 

electrospray ionization. Science 306, 471–473 (2004).
 35. Smoluch, M., Mielczarek, P. & Silberring, J. Plasma-based ambient ionization mass spectrometry in bioanalytical sciences. Mass 

Spectrom. Rev. 35, 22–34 (2016).
 36. Jjunju, F. P. et al. Hand-held portable desorption atmospheric pressure chemical ionization ion source for in situ analysis of 

nitroaromatic explosives. Anal. Chem. 87, 10047–10055 (2015).
 37. Smith, B. L. et al. Rapid scotch whisky analysis and authentication using desorption atmospheric pressure chemical ionisation 

mass spectrometry. Sci. Rep. 9, 7994 (2019).
 38. Hartmanova, L. et al. Fast profiling of anthocyanins in wine by desorption nano-electrospray ionization mass spectrometry. J. 

Chromatogr. A 1217, 4223–4228 (2010).
 39. Harper, J. D. et al. Low-temperature plasma probe for ambient desorption ionization. Anal. Chem. 80, 9097–9104 (2008).
 40. Wang, H., Liu, J., Cooks, R. G. & Ouyang, Z. Paper spray for direct analysis of complex mixtures using mass spectrometry. Angew. 

Chem. Int. Ed. 49, 877–880 (2010).
 41. Suraritdechachai, S. et al. Rapid detection of the antibiotic sulfamethazine in pig body fluids by paper spray mass spectrometry. J. 

Agric. Food Chem. 67, 3055–3061 (2019).
 42. Venter, A., Nefliu, M. & Cooks, R. G. Ambient desorption ionization mass spectrometry. TrAC Trends Anal. Chem. 27, 284–290 

(2008).
 43. Huang, M.-Z., Cheng, S.-C., Cho, Y.-T. & Shiea, J. Ambient ionization mass spectrometry: a tutorial. Anal. Chim. Acta 702, 1–15 

(2011).
 44. Harris, G. A., Galhena, A. S. & Fernandez, F. M. Ambient sampling/ionization mass spectrometry: applications and current trends. 

Anal. Chem. 83, 4508–4538 (2011).
 45. Ifa, D. R., Jackson, A. U., Paglia, G. & Cooks, R. G. Forensic applications of ambient ionization mass spectrometry. Anal. Bioanal. 

Chem. 394, 1995–2008 (2009).
 46. Harris, G. A., Nyadong, L. & Fernandez, F. M. Recent developments in ambient ionization techniques for analytical mass spec-

trometry. Analyst 133, 1297–1301 (2008).
 47. Li, L.-P. et al. Applications of ambient mass spectrometry in high-throughput screening. Analyst 138, 3097–3103 (2013).
 48. Talaty, N. et al. Fabric analysis by ambient mass spectrometry for explosives and drugs. Analyst 133, 1532–1540 (2008).
 49. Lebedev, A. B. T. Ambient ionization mass spectrometry. Russ. Chem. Rev. 84, 665 (2015).
 50. Damon, D. E. et al. Dried blood spheroids for dry-state room temperature stabilization of microliter blood samples. Anal. Chem. 

90, 9353–9358. https ://doi.org/10.1021/acs.analc hem.8b019 62 (2018).
 51. Jjunju, F. P. et al. Screening and quantification of aliphatic primary alkyl corrosion inhibitor amines in water samples by paper 

spray mass spectrometry. Anal. Chem. 88, 1391–1400 (2016).
 52. Damon, D. E. et al. 2D wax-printed paper substrates with extended solvent supply capabilities allow enhanced ion signal in paper 

spray ionization. Analyst 141, 3866–3873 (2016).
 53. Jjunju, F. P. et al. In situ analysis of corrosion inhibitors using a portable mass spectrometer with paper spray ionization. Analyst 

138, 3740–3748 (2013).
 54. Binatti, I., Pereira, H. V., Amador, V. S., Jurisch, M., de Paula, C. C. A., Piccin, E. & Augusti, R. Paper spray mass spectrometry and 

related techniques applied to food and environmental analysis. Ambient Mass Spectrosc. Tech. Food Environ. 187–213 (2019).
 55. Frey, B. S., Damon, D. E. & Badu‐Tawiah, A. K. Emerging trends in paper spray mass spectrometry: microsampling, storage, direct 

analysis, and applications. Mass Spectrom. Rev. 39, 336–370 (2020).

https://doi.org/10.1016/j.ygcen.2006.11.006
https://doi.org/10.1016/j.ygcen.2006.11.006
https://doi.org/10.1021/acs.analchem.8b01962


12

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:10698  | https://doi.org/10.1038/s41598-020-67484-7

www.nature.com/scientificreports/

 56. Yamamoto, A., Kakutani, N., Yamamoto, K., Kamiura, T. & Miyakoda, H. Steroid hormone profiles of urban and tidal rivers using 
LC/MS/MS equipped with electrospray ionization and atmospheric pressure photoionization sources. Environ. Sci. Technol. 40, 
4132–4137 (2006).

 57. Khan, M. A. et al. Analysis of derivatised steroids by matrix-assisted laser desorption/ionisation and post-source decay mass 
spectrometry. Steroids 71, 42–53 (2006).

 58. Thevis, M., Makarov, A. A., Horning, S. & Schänzer, W. Mass spectrometry of stanozolol and its analogues using electrospray 
ionization and collision-induced dissociation with quadrupole-linear ion trap and linear ion trap-orbitrap hybrid mass analyzers. 
Rapid Commun. Mass Spectrom. 19, 3369–3378 (2005).

 59. Ruddy, B. M., Hendrickson, C. L., Rodgers, R. P. & Marshall, A. G. Positive ion electrospray ionization suppression in petroleum 
and complex mixtures. Energy Fuels 32, 2901–2907 (2018).

 60. Wang, Z., Zhu, H. & Huang, G. Ion suppression effect in desorption electrospray ionization and electrospray ionization mass 
spectrometry. Rapid Commun. Mass Spectrom. 31, 1957–1962. https ://doi.org/10.1002/rcm.7977 (2017).

 61. Michnowicz, J. & Munson, B. Studies in chemical ionization mass spectrometry: 17-hydroxy steroids. Organ. Mass Spectrom. 6, 
765–783 (1972).

 62. Kauppila, T. J., et al. Carbohydrate and steroid analysis by desorption electrospray ionization mass spectrometry. Chem. Com-
mun. 23, 2674–2676 (2008).

 63. Damon, D. E. et al. Determining surface energy of porous substrates by spray ionization. Langmuir 35, 13853–13859. https ://doi.
org/10.1021/acs.langm uir.9b024 19 (2019).

 64. Kim, D., Lee, J., Kim, B. & Kim, S. Optimization and application of paper-based spray ionization mass spectrometry for analysis 
of natural organic matter. Anal. Chem. 90, 12027–12034 (2018).

 65. Su, Y., Ma, X. & Ouyang, Z. Rapid screening of multi-class antimicrobial residues in food of animal origin by paper spray mass 
spectrometry. Int. J. Mass Spectrom. 434, 233–239 (2018).

 66. Huang, W., Kalhorn, T. F., Baillie, M., Shen, D. D. & Thummel, K. E. Determination of free and total cortisol in plasma and urine 
by liquid chromatography-tandem mass spectrometry. Ther. Drug Monit. 29, 215–224 (2007).

 67. Harvey, D. J. Fragmentation of negative ions from carbohydrates: part 1. Use of nitrate and other anionic adducts for the produc-
tion of negative ion electrospray spectra from N-linked carbohydrates. J. Am. Soc. Mass Spectrom. 16, 622–630 (2005).

 68. Bruggink, C., Maurer, R., Herrmann, H., Cavalli, S. & Hoefler, F. Analysis of carbohydrates by anion exchange chromatography 
and mass spectrometry. J. Chromatogr. A 1085, 104–109 (2005).

 69. Gault, J. et al. High-resolution mass spectrometry of small molecules bound to membrane proteins. Nat. Methods 13, 333 (2016).
 70. Sadoul, B. & Geffroy, B. Measuring cortisol, the major stress hormone in fishes. J. Fish Biol. 94, 540–555 (2019).
 71. Pottinger, T., Carrick, T., Appleby, A. & Yeomans, W. High blood cortisol levels and low cortisol receptor affinity: is the chub, 

Leuciscus cephalus, a cortisol-resistant teleost? Gen. Comp. Endocrinol. 120, 108–117 (2000).
 72. Declercq, A. M. et al. Cortisol directly impacts Flavobacterium columnare in vitro growth characteristics. Vet. Res. 47, 84 (2016).
 73. Bertotto, D. et al. Alternative matrices for cortisol measurement in fish. Aquac. Res. 41, 1261–1267 (2010).
 74. Pottinger, T. Changes in blood cortisol, glucose and lactate in carp retained in anglers’ keepnets. J. Fish Biol. 53, 728–742 (1998).
 75. de Alda, M. J. L. & Barceló, D. Determination of steroid sex hormones and related synthetic compounds considered as endocrine 

disrupters in water by liquid chromatography–diode array detection–mass spectrometry. J. Chromatogr. A 892, 391–406 (2000).

Acknowledgements
S. M. acknowledges funds from the Engineering and Physical Sciences Research Council (EPSRC) under Grant 
Agreement EP/R007500/1. D. R-P acknowledges the EPSRC for a doctoral studentship (EP/N509693/1). Abra-
ham K. Badu-Tawiah acknowledges funding from The Ohio State University start-up funds.

Author contributions
F.P.M.J., A.K.B.-T., S.M., and I.S.Y designed the project. F.P.M.J, D.E.D, D.R.-P. and R.J.W carried out all of the 
experiments. The manuscript and figures were prepared by F.P.M.J, D.E.D, D.R.-P. and R.J.W. Various aspects 
of the research ideas described were initiated and developed by F.P.M.J., A.M., D.R.-P., S.M. and A.K.B.-T. All 
authors reviewed the manuscript and Supplementary Information.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-67484 -7.

Correspondence and requests for materials should be addressed to S.M. or A.K.B.-T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1002/rcm.7977
https://doi.org/10.1021/acs.langmuir.9b02419
https://doi.org/10.1021/acs.langmuir.9b02419
https://doi.org/10.1038/s41598-020-67484-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Analysis of non-conjugated steroids in water using paper spray mass spectrometry
	Anchor 2
	Anchor 3
	Results and discussion
	Direct analysis and solvent optimization of free steroids in the positive ion mode using PS-MS. 
	Quantitative analysis. 
	Direct analysis of free steroids in the negative ion mode using PS-MS. 
	PS-MS analysis of steroid mixture. 
	Quantification of free steroids in fish water samples. 

	Conclusion
	Experimental methods
	Chemicals and standards. 
	Sample preparation. 
	PS-MS instrumentation. 

	References
	Acknowledgements


