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Genetic risk factors account for <30% of the risks of cancer, cardiovascular 
diseases and other non-communicable human diseases.

“The exposome can be defined as the measure of all the exposures of an 
individual or organism in a lifetime and how those exposures relate to 
health. An individual’s exposure begins before birth and includes insults from 
environmental and occupational sources.”

-National Institute for Occupational Safety and Health (NIOSH)

Strategies to study the exposome
Bottom up:  Involves measuring sources of exposure, including water, air, diet 
and other sources of indoor/outdoor pollution. This is the prevailing approach used 
by MOECC. 

Top down : Involves biological monitoring of exposed individuals and organisms, 
most appropriately by blood sampling.

The exposome

S.M. Rappaport et al.,  Environ. Health Perspect. 122 (2014) 769; 
C.P. Wild, Int. J. Epidemiol. 41 (2012) 24.
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House dust is an important source of environmental exposure

“Whether dust or diet 
is the primary source 
for an individual is tied 
to loading of PBDE in 
dust or food items.”

Non-targeted screening of household dust by 
GCxGC: D.C. Hilton, R.S. Jones, A. Sjödin, 

J. Chrom. A, 1217(44), 2010, 6851.



The blood exposome

• With few exceptions, the identities of most environmental pollutants and 
their roles in causing chronic diseases are not known.

• Current (predominantly LC/MS) platforms used for non-target analysis 
cannot detect more than 90% of environmental pollutants!

Rappaport et al., Environ. Health Perspect. 122 (2014) 769.



Waters Xevo G2-XS QTOF with APGC and Zoex ZX2 modulator
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Corona Pin 
Position in APGC 
Source

Positive mode:
N2

+ + M  M+ + N2

Negative mode:
e- + M  M-

O2
- + M  [M-X+O]-

(where X = H, Cl, Br)



(1) Atmospheric pressure ionization of GC analytes
(2) Transfer of all ions with quadrupole (RF-only)
(3) TOF mass analysis of all ions

The Waters Xevo G2-XS Q-TOF mass spectrometer



Comprehensive two-dimensional gas chromatography (GCxGC)

“…most GCxGC peaks are on the order of 100ms to 500 ms wide.”
“Unfortunately,  the 2D peak width of BDE 209 became extremely broad (>1s)”

GCGC-APCI  vs. GCGC-EI

GCGC-TOFMS and GCGC-ECD of BDEs
J. Cochran et al., BFR 2004 Proceedings

Br7

Br6Br5Br4

Br10

GCxGC-APCI of BDEs, This study

Cochran et al. 1D : Rtx-5 10mx0.18mmx0.2m
2D : Stx-500 0.75m x 0.25mm x 0.15m

Flow : 7.5mL/min 2nd Oven offset +30

This study, 1D : DB-5 15m x 0.25mm x 0.1m
2D : Rtx-17SIL 0.5m x 0.15mm x 0.15m

Flow: 3mL/min 2nd Oven offset +30

Trans. Line: Restek sulfinert metal tubing (0.18mm) ID)



(a) Halogenated flame retardants (standard)

(b) House dust extract
(NIST SRM 2585)

(halogenated) aromatics

BDE209

GCxGC enables separation of BFRs from matrix interference



Fig. 1 GC x GC TIC chromatogram of 
a dust sample

TIC (E-waste dust) 

“Orthogonal” accurate mass measurements

Mass defect plot obtained from E-waste dust 

Fig. 2 H/Cl mass defect plot for the average mass 
spectrum

Unknown

Recent GCImage version incorporates mass defect plots



CH2 homologues
SiX2 homologues

X=CH3, OH

Cl/Br compounds
(PCBs, BDEs, TBBPA)

CF2 homologues

Cl/F compounds
Unknowns?

The mass defect plot of SRM 2585 reveals mixed Cl/F compounds

Orthogonal “separation” of CF2, Cl, Br and Cl/F compounds from “matrix”



“Negative ions can give higher sensitivity for electronegative molecules; however, their 
fragmentations (Budzikiewicz 1981; Bowie 1989; Hites 1988) are not used much for structure 
determination.”  p. 5 Interpretation of mass spectra by McLafferty and Turecek

Mass spectral interpretation is still a bottleneck! 
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F/Cl/Br phthalimides in‐use since 1980s



Mass defect filtered GCGC chromatogram – +ve ion mode

Composite of Canadian household dust
1D : Rtx-5 60m x 0.25mm x 0.25um
2D : Rtx-17SIL 1m x 0.15mm x 0.15um

TIC Mass defect filtered

Total ion chromatogram (TIC)



Peak picking, library searching and accurate mass confirmation

Triclosan
287.9506

BDEs
Brominated flame retardants

TBBPA

p,p-DDE

MeO-BDE

o,p-DDE

Mass defect filtered chromatogram : R.T. = 16 – 23 minutes

Chlorpyrifos

Bromodinitroaniline
Dibromonitroaniline

Nonachlor

= Cl4 and Cl5-PCBs = OC pesticides and other halogenated compounds

Siloxanes



Composite of Canadian household dust
1D : Rtx-5 60m x 0.25mm x 0.25um
2D : Rtx-17SIL 1m x 0.15mm x 0.15um

Total ion chromatogram (TIC)

Mass defect filtered chromatogram (MDC)

Mass defect filtered GCGC chromatogram – -ve ion mode

PCBs/OC pesticides Polychlorinated alkanes (PCAs)

Phthalates

PCAs not visible in TIC
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Chlorinated alkanes identified in Canadian household dust

XIC of PCA ions
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 Fetal growth is an important indicator of a child’s health because its impairment may be 
associated with poor neurodevelopment and with chronic diseases in adulthoood.

 Fetal growth restriction is often the result of placental insufficiency, whereby nutrient 
transport to the fetus is impeded by abnormal or poorly development placental vasculature.

 Maternal exposure to Persistent Organic Pollutants (POPs) has been implicated as a risk factor : 
these environmental toxicants have the potential to inhibit vascular development through 
interactions with the insulin‐like growth factor (IGF) system.

PCBs
(Polychlorinated Biphenyls)

PBDE 
(Polybrominated Diphenylethers)

DDE – Degradation product of DDT
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Extraction: Stir-bar sorptive extraction of serum

Stir bar sorptive extraction (SBSE)

 Stir bar sorptive extraction:  A magnetic stir bar, coated in PDMS is used to extract the 
(mostly lipophilic) compounds of interest from a 10mL 30% MeOH/H2O solution 
containing 100L of serum.

 Method requires ~4 hours for extraction of 20 samples and 15 minutes / sample for 
instrumental analysis
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Our method for analysis : Optimization

Recoveries at 50% methanol  as log 
Kow , but for less hydrophobic 
compounds (lower log Kow),  methanol 
percent  recovery

Adding an organic modifier (methanol) 
polarity of extraction medium and 
solubility of hydrophobic compounds
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Current 
MDL
(S/N)

NHANES 
MDL

NHANES
50th

Percentile

NHANES
95th

Percentile
TCDD 0.22 0.00074 <LOD 0.00502
OCDD 0.25 0.0226 <LOD 0.913
PeCDF 0.07 0.00088 <LOD 0.0123
PCB‐28 15* 0.7 4.96 11.3
PCB‐52 3 0.3 2.74 7.60
PCB‐101 2 0.3 1.70 5.83
PCB‐118 2 0.3 5.19 31.3
PCB‐138 3 0.3 15.1 75.3
PCB‐153 3 0.3 20.8 97.1
PCB‐180 4 0.3 18.0 81.5
4.4’‐DDE 5 1.4 203 1860
BDE‐47 6.01* 0.6 19.2 163
BDE‐99 17.74* 0.6 <LOD 42.2

The method yields accurate results with 0.2 mL of serum

*Background limited

NIST 1957 
Serum reference material

Accurate quantitation of targets
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Enhancing the sensitivity of GC‐APCI using the multi‐mode modulator

Collaboration with Dr. John Seeley – Oakland University



Multi‐mode modulator : Sample collection state

Primary column flow (3mL/min)

X No flow

“Purge” flow restrictor (~3.5mL/min)

125 mL/min
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Multi‐mode modulator : Pulsed injection

Primary column flow (3mL/min)

X No flow 125 mL/min



Flow modulation provides to 10‐fold S/N enhancement!

Modulated 30 Hz

1D 4 Hz

1D 30 Hz



# Cl + Br

The PubChem database through the eyes of a mass spectrometer 
(m/z, mass defect, isotope ratios)

Identifying POPs by their position in compositional space
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PubChem Database Experimental Data – NIST 
SRM 1958 (serum)

Workflow:
1) Isotope clusters are identified from diagnostic m/z differences (e.g. 1.0034 for 13C peaks; 1.997 for Si, S, 
Cl and Br isotopic peaks).
2) Peaks corresponding to halogenated compounds are filtered on the basis of isotope ratios.

Identifying POPs by their position in compositional space



The GCxGC contour plot provides a picture of environmental exposure

Data obtained from a pooled sample of high risk subjects

1D Retention time (0 – 60 minutes)

• The sample contains thousands of chemical compounds. 
• The identities are known for only a small fraction of these chemicals



o‐DDE p‐DDE

BDE47

TCPP

Cl4‐CDE

Cl6‐PCB

Cl6‐PCB
Cl14H10OCl3

Cl3‐CDE
Cl3‐CDE Cl11H2O2Cl6

Cl7‐PCB

Cl16H9O2Cl3

Cl3‐PCB

Cl10H13SCl3

Cl4‐PCB

= PCBs = Pesticides and Chlorinated Diphenyl Ethers (CDEs) = Unknown POPs

Expanded view of the region occupied by (un)known POPs



TCEP

TCPP

TDCPP

TPP
TCP

Building a digital archive of exposure

Several well known organophosphate ester flame retardants are detected

• This digital archive can be searched for suspected contaminants
• Do raw data points (mass and RT of ? compounds) correlate to birth weight?

?

? ?



Correlating (un)known compounds to birth weight
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Conclusion : GC(xGC)-API-MS is a powerful tool for studies of the exposome


