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Abstract

Traditional separation and detection of targeted compounds from complex mixtures from 

environmental matrices requires the use of lengthy prefractionation steps and high-resolution mass 

analyzers due to the large number of chemical components and their large structural diversity 

(highly isomeric). In the present work, selected accumulation trapped ion mobility spectrometry 

(SA-TIMS) is coupled to Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR 

MS) for direct separation and characterization of targeted endocrine-disrupting compounds (EDC) 

from a complex environmental matrix in a single analysis. In particular, targeted identification 

based on high-resolution mobility (R ~ 70–120) and ultrahigh-resolution mass measurements (R > 

400 000) of seven commonly targeted EDC and their isobars (e.g., bisphenol A, (Z)- and (E)-

diethylstilbestrol, hexestrol, estrone, α-estradiol, and 17-ethynylestradiol) is shown from a 

complex mixture of water-soluble organic matter (e.g., Suwannee River Fulvic Acid Standard II) 

complemented with reference standard measurements and theoretical calculations (<3% error).
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The persistence, bioaccumulation and fate of a variety of chemical compounds has gained 

substantial interest in the scientific community due to their short and long-term effects on 

human and animal health (e.g., environmental contaminants such as pharmaceuticals, 

personal-care products, surfactants, perfluorinated and perchlorinated compounds, and many 

other chemical classes). Typical practice includes mitigation of their emission by the 

identification of the anthropogenic sources and by regular monitoring of their levels; 

however, these analyses can be analytically challenging due to the complexity of the sample 

matrix. For example, the study of endocrine-disrupting compounds (EDC) requires their 

identification from complex environmental and biological matrices using accurate analytical 

methods.1,2 Standard protocols involve the use of lengthy sample preparation, 

prefractionation steps, and chromatographic separations (e.g., derivitization prior to gas 

chromatography, and liquid chromatography) followed by mass spectrometry analysis (e.g., 

high-resolution TOF-MS or MS/MS).3–6 Alternatively, it has been shown that ultrahigh-

resolution mass spectrometry (e.g., FT-ICR MS) is a powerful technique for the 

identification of targeted and nontargeted components using exact mass measurements, as 

well as for the elucidation of potential interferences.7–13

Over the last decades, with the advent of more versatile and higher resolution forms of ion 

mobility separations (e.g., periodic focusing DC ion guide,14–16 segmented quadrupole drift 

cell,17 multistage IMS,18–20 field asymmetric IMS (FAIMS),21 traveling wave ion 

guide,22,23 and trapped ion mobility spectrometry24–26), progress toward the identification of 

molecules of interest embedded in complex matrices has been achieved by reducing the 

chemical noise and increasing the peak capacity and the dynamic range.27–35 

Complementary studies using high-resolution IMS-MS devices and ultrahigh-resolution MS 

analyzers have shown their unique advantages for the separation of structural and 

geometrical isomers and their chemical identification from exact mass measurements.36,37 

More recently, the advantage of coupling some variants of IMS separations (e.g., FAIMS) to 

ultrahigh-resolution mass spectrometry has been shown for online separation of structural 

isomers.38–45

In the present work we show for the fist time the advantages of coupling selected 

accumulation trapped ion mobility spectrometry to an ultrahigh-resolution mass 

spectrometer for targeted analysis of EDC in a complex environmental matrix and the 

elucidation of potential interferences. Seven endocrine disruptors (bisphenol A, (Z)- and (E)-

diethylstilbestrol, hexestrol, estrone, α-estradiol, and 17-α-ethynylestradiol) were analyzed 
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in a complex mixture of water-soluble organic matter (e.g., Suwannee River Fulvic Acid 

Standard II). Identity of the targeted EDC compounds was confirmed with complementary 

measurements using reference standards and mobility values from theoretical calculations of 

candidate structures.

METHODS

Seven commonly targeted EDC and their isobars (e.g., bisphenol A, (Z)- and (E)-

diethylstilbestrol, hexestrol, estrone, α-estradiol, and 17-α-ethynylestradiol) were purchased 

from Sigma-Aldrich (St. Louis, MO) and used as received. As a complex mixture of water-

soluble organic matter, a Suwannee River Fulvic Acid Standard II (SRFA) was obtained 

from the International Humic Substances Society (St. Paul, MN) and used as received. All 

solvents used in these studies were analytical grade or better and purchased from Fisher 

Scientific (Pittsburgh, PA). EDC were dissolved in 50/50 v/v methanol/water and added at 5 

ppb to a 20 μg/mL solution of the SRFA mixture. A Tuning Mix calibration standard 

(TuneMix, G24221A) was purchased from Agilent Technologies (Santa Clara, CA) and used 

as received. Details on the Tunemix structures (e.g., m/z = 322, K0 = 1.376 cm2 V−1 s−1 and 

m/z = 622, K0 = 1.013 cm2 V−1 s−1) can be found elsewhere.24,46 All experiments were 

performed in triplicate.

Details regarding the TIMS operation and specifics compared to traditional IMS can be 

found elsewhere.24,25,47–49 Briefly, the TIMS mobility separation is based on holding the 

ions stationary using an electric field against a moving gas. In traditional TIMS operation, 

multiple geometric isomers/conformers are trapped simultaneously at different E values 

resulting from a voltage gradient applied across the TIMS tunnel (more details in refs 47–

49). The E gradient defines the IMS range that is trapped and analyzed, thus allowing low-

resolution (large E gradient) and high-resolution (small E gradient) IMS separations. The 

possibility to separate and accumulate single isomers/conformers over time in a TIMS 

device relies on selecting the E gradient and by performing stepwise elutions into the mass 

analyzers by reducing the voltage range within a single trapping step. Multistep elutions are 

typically used when TIMS is coupled to fast-acquisition-rate MS analyzers (e.g., TOF-MS). 

However, when TIMS is coupled to slower MS analyzers (e.g., FT-ICR MS), TIMS’s 

operation is changed to single-step elutions (from a small E gradient that defines the IMS 

resolution) and sequential scanning of the E gradient range. That is, each isomer/conformer 

eluting from the IMS cell can be described by a E ± ΔE value; the smaller the ΔE value, the 

higher the IMS resolution and accuracy to determine the K0 ± Δ K0 value. This mode of 

operation is called selected accumulation trapped ion mobility spectrometry (SA-TIMS). 

SA-TIMS operation was controlled using in-house software, written in National Instruments 

Lab VIEW (2012, v. 12.0f3), and synchronized with the FT-ICR MS acquisition program. 

IMS separation was performed using nitrogen as a bath gas at ca. 300 K, and the gas flow 

velocity was controlled by the pressure difference between entrance funnel P1 = 2.6 mbar, 

and the exit funnel P2 = 1.3 mbar. P1 and P2 values were held constant for all experiments. 

The same RF (2020 kHz and 240Vpp) was applied to all electrodes including the entrance 

funnel, the mobility separating section, and the exit funnel. An electrospray ionization 

source (Apollo II ESI design, Bruker Daltonics, Inc., MA) was used for all the analyses. The 

IMS cell was operated using a fill/trap/elute/quench sequence of 250–600/90/25/10 ms, 
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using an average of 20 IMS scans per MS spectrum and a voltage difference across the ΔE 
gradient of 0.5–1.0 V. Under these conditions, the average IMS resolution was 70–120. MS 

acquisition was optimized for highest transmission in the 200–600 m/z in the 7T Solarix FT-

ICR MS spectrometer (Bruker Daltonics Inc., MA). MS spectra were acquired at 1–16 MW 

using half-sin apodization followed by fast-Fourier transform and broadband phase 

correction into absorption mode spectra with resolutions of R ~ 75–730 K at 400 m/z. 

External IMS and MS calibration was performed utilizing Agilent ESI-ToF tuning mix 

(Tunemix, G2421A, Agilent Technologies, Santa Clara, CA).

Candidate structures were proposed for each molecular ion of interest observed in the IMS-

FT-ICR MS experiments.50 Theoretical ion-neutral collision cross sections were calculated 

using MOBCAL version for nitrogen51,52 and IMoS (v1.04b)53–55 software with a bath gas 

at ca. 300 K. In the IMoS calculations, 100 total rotations were performed using the diffuse 

hard sphere scattering method with a Maxwell distribution. Partial atomic charges were 

calculated using the Merz–Singh–Kollman scheme constrained to the molecular dipole 

moment.,56,57 All optimized geometries and partial atomic charges are provided in the 

Supporting Information.

RESULTS AND DISCUSSION

One of the main analytical challenges during targeted analysis in complex samples is the 

presence of isobaric and isomeric interferences. Ultrahigh-resolution MS analysis will 

routinely detect multiple molecular components at the level of nominal mass during the 

analysis of complex mixtures. For example, the FT-ICR MS analysis of EDC compounds 

from a complex mixture will typically yield 8–10 peaks per nominal mass (see Figure 1). 

Closer inspection of the FT-ICR MS data shows that chemical formulas for the EDC 

compounds (see Table 1) and the SRFA components (see Supporting Material) can be 

assigned with sub ppm accuracy. When FT-ICR MS analysis is complemented with 

orthogonal separations SA-TIMS-FTMS, an increase in peak capacity of 2–10-fold is 

observed per nominal mass; that is, multiple molecular signatures are observed in the 2D 

IMS-FTMS plot per mass signal. This result is a consequence of the structural diversity and 

complexity of the sample. For example, molecular compounds from the environmental 

matrix (SRFA standard) can be described by the generic formula CxHyN0–3O0–15S0–1, 

where 75% are highly conjugated oxygen containing compounds (O1–O15, see Figure 

S1).7–13 Inspection of the double bond equivalents (DBE) as a function of the carbon 

number for the oxygen containing series (CxHyO1–15) showed the large structural diversity 

expected from fulvic acids (see Figure S2)

Closer inspection to the IMS-FTMS data shows that separation and identification of the 

EDC targeted compounds from other interferences was achieved (see Figure 2a). In 

particular, complementary analysis using reference standards of the EDC compounds 

permitted the molecular confirmation by exact mass (sub ppm) and by mobility (<3%). In 

the example shown, two types of interferences were considered: (i) isobaric interferences 

between the EDC compound and the SRFA matrix (e.g., bisphenol A, α-estradiol, and 17-α-

ethynylestradiol), and (ii) simultaneous isobaric and isomeric between two EDC compounds 

and the SRFA matrix (e.g., estrone and hexestrol and (E)- and (Z)-diethylstilbestrol). The 
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high resolution of the SAIMS (RIMS ~ 70–120) permitted baseline separation in both 

scenarios (see Figure 2 b). For example, inspection of the IMS projection of the structural 

isomers estrone and hexestrol (C18H22O2, δ: 0.09 ppm) showed two baseline-resolved peaks 

at K0 = 1.215 and 1.191 cm2 V−1 s−1, respectively. Analogously, IMS projection of 

diethylstilbestrol (E) and (Z) structural isomers (C15H19O2, δ: 0.25 ppm) showed two 

baseline-resolved peaks corresponding to the two cis/trans isomers with K0 = 1.227 and 

1.203 cm2 V−1 s−1, respectively. Biological activity for endocrine disruptors varies 

depending on the structural isomers which can be separated.58,59

Beside the high mobility resolution that can be achieved using SA-TIMS allowing direct 

identification with reference materials, it is a method of operation that also allows for direct 

mobility measurements.24,25,47–49 This translates into the additional potential for targeted 

EDC molecular assignment based on mobility values of candidate structures (see Table 1 

and details on the EDC candidate structures on the Supporting Information). Comparison of 

experimental and theoretical mobility values for the targeted EDC compounds showed a 

good agreement (<3% error). Both theoretical CCS calculators yielded similar results and in 

good correspondence with the experimental trends. This alternative approach increases the 

practical value of SAIMS-FT-ICR MS when reference standards are not available.

CONCLUSIONS

The use of a novel variant SA-TIMS-FTMS for complementary, high-resolution mobility 

and ultrahigh-resolution mass separations is illustrated for targeted analysis of endocrine 

disrupting chemicals in a complex matrix. It was shown that targeted identification can be 

achieved based on accurate mobility and exact mass measurements and complemented with 

reference standard measurements and/or theoretical calculations. In particular, SA-TIMS 

high mobility resolution (RIMS ~ 75–120) allowed the separation of chemical interferences 

from the sample matrix as well as the separation of EDC structural isomers. The use of 

theoretical calculations may significantly reduce the cost of targeted EDC analysis and 

permits the assignment of molecular structures with a high degree of confidence (<3% 

error).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) 2D-IMS-FTMS contour plot of the complex mixture containing EDC compounds 

(dashed square) and SRFA standard. (b) Number of peaks identified at the nominal mass in 

SA-TIMS-FTMS and FTMS analysis.
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Figure 2. 
(a) 2D-IMS-FTMS contour plot of the complex organic mixture containing EDC compounds 

and SRFA standard. Notice the separation of (1) bisphenol A, (2) diethylstilbestrol, (3) 

estrone, (4) hexestrol, (5) α-estradiol, (6) 17-α-ethynylestradiol from the SRFA matrix. 2D-

IMS-FTMS contour plot at the nominal mass for the structural isomers of (E)- and (Z)-

diethylstilbestrol (left) and estrone and hexestrol (right) in (b) the complex sample, (c) the 

reference standards, and (d) the respective FTMS projections (* denotes the EDC formula).

Benigni et al. Page 9

Anal Chem. Author manuscript; available in PMC 2016 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Benigni et al. Page 10

Ta
b

le
 1

E
xp

er
im

en
ta

l S
A

-T
IM

S-
FT

M
S 

an
d 

T
he

or
et

ic
al

 M
as

s 
an

d 
M

ob
ili

ty
 V

al
ue

s 
fo

r 
B

is
ph

en
ol

 A
, D

ie
th

yl
st

ilb
es

tr
ol

, E
st

ro
ne

, H
ex

es
tr

ol
, α

-E
st

ra
di

ol
, a

nd
 1

7-
α

-

E
th

yn
yl

es
tr

ad
io

l

ex
pe

ri
m

en
ta

l
th

eo
re

ti
ca

l

ex
pt

l m
/z

io
n 

fo
rm

ul
a

th
eo

re
ti

ca
l m

as
s

er
ro

r 
(p

pm
)

na
m

e
K

0 
[c

m
2 /

v·
s]

C
C

S

[ 
]

M
O

B
C

A
L

 T
M

 C
C

S

[ 
]

IM
oS

 D
H

SS
 C

C
S

[ 
]

22
7.

10
76

6
C

15
H

15
O

2
22

7.
10

77
5

−
0.

39
bi

sp
he

no
l A

1.
30

5
16

2
16

1
16

1

26
7.

13
92

4
C

18
H

19
O

2
26

7.
13

90
5

−
0.

25
di

et
hy

ls
til

be
st

ro
l

1.
22

7
17

1
17

2(
E

)
17

2(
E

)

1.
20

3
17

5
17

7(
Z

)
17

5(
Z

)

26
9.

15
48

4
C

18
H

21
O

2
26

9.
15

47
0

0.
09

es
tr

on
e

1.
21

5
17

4
16

9
17

2

26
9.

15
48

4
C

18
H

21
O

2
26

9.
15

47
0

0.
09

he
xe

st
ro

l
1.

19
1

17
7

17
7

18
0

27
1.

17
03

7
C

18
H

23
O

2
27

1.
17

03
5

−
0.

05
α

-e
st

ra
di

ol
1.

20
3

17
5

17
7

17
6

29
5.

17
01

1
C

20
H

23
O

2
29

5.
17

03
5

0.
82

17
-α

-e
th

yn
yl

es
tr

ad
io

l
1.

15
2

18
2

18
3

18
2

Anal Chem. Author manuscript; available in PMC 2016 May 14.


	Abstract
	Graphical abstract
	METHODS
	RESULTS AND DISCUSSION
	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Table 1

