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Evolution of non‐targeted analysis approaches 
within the US scientific community

• Toxicity Identification and Evaluation 
(TIE) – Early attempt at EDA

• Identification of “causative stressors” 
driven by observed sediment 
(usually) toxicity.

• Recent attempts at in silico emerging 
contaminant “prioritization” provide 
a roadmap (e.g. Howard and Muir).

• No systematic US framework (e.g. 
NORMAN) exists for non‐targeted 
analysis.

R. M. Burgess, K. T. Ho, W. Brack, M. 
Lamoree, Environ. Toxicol. Chem. 
2013, 32. 1935‐1945 



What have we learned from sediment TIE 
experiments over the years?

• Nonionic organics accounted for 
the largest fraction of observed 
toxicity.

• Whole-sediment TIE implicated 
nonionic organics in 90% of cases.

• “Molecular” identity of causative 
stressor was not always 
determined.



The “Howard and Muir” studies: Providing a 
roadmap for rational non‐targeted analysis



Putting this roadmap to the test: Non‐targeted 
analysis of POPs in dolphins

• 271 Unique compounds were 
identified, all but one were 
halogenated.

• 2D GC separation allowed 
clustering by “compound class”.

• Many compounds were likely 
natural products (e.g. 
methylbipyrroles).

• Halogenated natural products 
were present at concentrations 
in blubber similar to PBDE 
congeners.



What can you do when the compound is not 
present in any chemical registry?

MS/MS

MS3



Example approaches from my laboratory:
1. Effects-directed analysis: Identifying toxic 

components of aircraft deicing/anti-icing fluids 
(ADAF)

2. Activity-directed analysis: Receptor affinity 
extraction for identifying estrogenic compounds 
associated with water reuse

3. Fate-directed analysis: Non-targeted analysis of 
micropollutant fate in wastewater treatment



1. Effects-directed analysis: Identifying toxic 
components of aircraft deicing/anti-icing fluids 
(ADAF)

2. Activity-directed analysis: Receptor affinity 
extraction for identifying estrogenic compounds 
associated with water reuse

3. Fate-directed analysis: Non-targeted analysis of 
micropollutant fate in wastewater treatment

Example approaches from my laboratory:



Aircraft deicing fluid performance is specified by 
SAE standards, application by airlines is 
mandated by FAA regulations, but stormwater
discharge from airports is regulated by EPA and 
state agencies… 

When the stormwater is toxic, the 
airports are left holding the bag!

Type IV Anti‐
icing fluid

Type I Deicing 
fluid

Pavement 
deicing fluid



Aircraft deicer and anti‐icer fluid (ADAF) 
formulations: What are they?

ADAF = 

‐Propylene
Glycol ‐Ethylene

‐Diethylene

Water

‐Corrosion inhibitors
‐Surfactants
‐Anti‐foaming

AdPack ‐Thickeners
‐Dyes
‐Flame retardants
‐other additives



Aircraft anti‐icing fluids are more toxic to aquatic 
organisms than deicing fluids
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Toxicities varied within classes, and freezing point 
depressants did not account for the majority of toxicity in 
most cases.



Anti‐Icer (Type IV) EDA Approach

– Ceriodaphnia dubia
mortality (48 hours)

– Fathead minnow mortality 
(48 hours)

– Microtox (15 min)



EDA Results: Type IV fluids

Fraction #†
Blank 1 Blank 2 Product K Product J Product I Product H

Ma Cb Fc M C F M C F M C F M C F M C F

MeOH 
control* 80 100 100 84 100 100 78 100 100 78 100 100 76 100 100 77 90 100

1* 2 0 0 24 0 100 0 0 0 8 0 0 0 0 75 6 0 0

2* 73 100 100 64 100 100 37 0 100 76 100 75 20 100 100 41 0 100

3* 72 100 75 82 100 100 68 100 100 79 100 100 91 100 100 85 100 100

4* 73 100 100 83 100 100 80 100 100 80 100 100 74 100 100 74 90 100

5* 76 100 100 82 100 100 0 0 0 37 0 0 9 0 0 38 20 100

6* 80 100 100 63 0 100 2 0 0 22 0 100 0 0 100 25 0 100

7* 72 100 100 86 100 100 29 0 100 63 100 100 19 100 100 78 100 100

8* 69 100 100 78 90 100 35 100 75 75 100 100 99 100 100 68 100 100

9* 82 100 100 88 100 100 84 100 100 77 100 100 84 100 100

10* 79 100 100 89 40 100 61 0 0 82 100 100 86 100 100 29 20 75

11* 0 0 0 0 0 0 0 0 0 1 0 0 0 0 100 4 0 0

12* 25 0 100 33 0 100 41 0 100 59 70 100 15 100 100 77 100 100

13* 78 100 100 35 80 100 80 100 100 79 100 100 137 100 100 77 100 100

14* 75 100 100 81 100 100 56 100 100 75 100 100 108 100 100 79 90 75

15* 64 100 100 84 100 100 46 100 75 78 100 100 113 100 100 79 100 100

Thickener* 30 100 100 77 100 100 82 100 100 66 100 100

aMicrotox, bCeriodaphnia dubia, cFathead minnow
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Summary of EDA findings for Type IV ADAF

• Ethoxylated surfactants 
were identified in toxic 
fractions from all 4 fluids

• Tolyltriazole was 
identified in 1 toxic 
fraction

Deicer Fraction # Compounds Identified in 
Fraction

Product K

5
OPEO 2-9*

NPEO 4-24*

C16EO 3-6*

8 methyl-1H-benzotriazole*

10 OPEO 2-5

Product J 5
C10EO 5-16*

C12EO 2-19*

C14EO 2-17*

Product I 5
NPEO 2-18*

C13EO 15-19*

C16EO 3-13*

Product H
5 C12EO 5-19

C14EO 4-18

10 C12EO 2-6

*Compounds identified with high mass accuracy(<5ppm)

N

HN

N CH3



ACRP 02‐01

Targeted analysis revealed ethoxylated surfactants 
in all Type IV deicer fluids

Anti-icing
fluid

Surfactants
Identified

Estimated
average

EO number

Relative
spectral

abundance

Product H

C10EO 2-19
C11EO 2-18
C12EO 1-20
C13EO 1-17
C14EO 1-18
C15EO 1-17
C16EO 1-5

6.13
8.13
6.08
6.08
6.66
9.53
2.85

2
1

100
3
19
5
1

Product I

OPEO 5-13
NPEO 1-18*

C13EO 1-19*

C16EO 1-16*

7.33
5.24
7.69
7.16

1
100
0.3
2

Product J

C10EO 2-16*

C11EO 4-18
C12EO 1-19*

C14EO 2-17*

C15EO 1-17
C16EO 1-9

7.07
9.20
6.79
7.12
9.49
3.23

2
1

100
16
3
1

Product K

OPEO 2-9*

NPEO 4-24*

C10EO 3-18
C12EO 1-17
C15EO 1-17
C16EO 1-8*

3.59
10.48
9.86
5.73
6.61
4.58

100
7
1
1
3

0.1



Octylphenol ethoxylate concentrations in Product 
K and Product I
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Product K     ∑ OPEOs 2690 mg/L, average 3.6 EO

Product I     ∑ OPEOs 3 mg/L, average 7.3 EO



Nonylphenol ethoxylate concentrations in Product 
K and Product I
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Product K      ∑ NPEOs 95 mg/L , average 10.5 EO

Product I     ∑ NPEOs 3015 mg/L, average 5.2 EO



EDA validation: reformulated “mock” Product I



EDA validation: reformulated “mock” Product K



Deicer toxicity: After the dust settled…

• Type IV aircraft anti-icing fluids were much more toxic to 
aquatic organisms than were Type I deicers.

• Toxic fractions identified through EDA of Type IV deicer 
fluids contained polyethoxylated surfactants.

• Quantitative analysis of Type IV deicers revealed:
– Alkylphenol ethoxylate surfactants (3.0 g/L)
– Alcohol ethoxylate surfactants (0.3 – 0.8 g/L)
– Benzotriazole-based corrosion inhibitors (~0.1 – 0.8 g/L)

• Toxicity testing of reformulated “mock” Type IV deicer 
fluids validated EDA results

• “Green” Deicer fluids will require re-examination of 
surfactant components.



1. Effects-directed analysis: Identifying toxic 
components of aircraft deicing/anti-icing fluids 
(ADAF)

2. Activity-directed analysis: Receptor affinity 
extraction for identifying estrogenic compounds 
associated with water reuse

3. Fate-directed analysis: Non-targeted analysis of 
micropollutant fate in wastewater treatment

Example approaches from my laboratory:



Water reuse in turf-
management: wastewater 
treatment or contaminant 

source?



Bioanalytical pollutant 
monitoring on Kiawah 
Island, SC

Pond 25

Pond 5

WWTP Lagoon

Pond 43Question: which 
micropollutants are 
introduced to the 
environment through 
water reuse, and are 
there associated effects 
on wildlife?



Male Fathead Minnow Exposures

Mini Mobile Units for 
“safer” in‐situ fish 
exposure (Alan 

Kolok)



Upregulated

Downregulated

15K fathead minnow microarray

~ 3700 genes significantly 
expressed
differently between ponds

~ 400 genes significantly 
expressed
differently between ponds > 2X

Microarray analysis of hepatic gene expression in  
Male Fathead Minnows After 1 Week Exposure



WWTP P43 P25 P5
Vitellogenin 1 
II‐FBPL 
Vitellogenin 3
Hypothetical Protein LOC799792 
Zgc:92136 
Hypothetical Protein LOC795145 
Hypothetical LOC561636 
Zgc:171801 
Heme Oxygenase 2 
3‐hydroxy‐3‐methylglutaryl‐Coenzyme A Synthase 1 
Cysteine‐rich With EGF‐like Domains 2 
Transmembrane Protein 4 
Chromosome 1 Open Reading Frame 216 
Zgc:136371 
Protein Disulfide Isomerase Associated 4 
Zgc:136890 
Chaperonin Containing TCP1, Subunit 5 
Similar To Chromosome 15 Open Reading Frame 24 
Hypothetical Protein LOC100000298 
DnaJ Homolog, Subfamily B, Member 1 

P5 P25 P43 WWTP

76
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59
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47

59

53

Microarray analysis of hepatic gene expression in  
Male Fathead Minnows After 1 Week Exposure

Number of genes significantly up- and down-regulated > 2X in fish 
from each  pond (n=4-5)



Hepatic Vitellogenin mRNA Expression in Male 
Fathead Minnows After 1 Week Exposure
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Yes, but what ELSE might be contributing to 
estrogenicity in the reclaimed water??

• Receptor affinity extraction:  Similar in concept to 
immunoaffinity chromatography – relies on high 
specificity/selectivity molecular interaction to isolate target 
analytes from a mixture prior to analysis

• Recombinant protein engineering: 
– ERα ligand binding domain triple Cys → Ser mutant
– Fusion of thioredoxin to ER enhances solubility
– His6 tag allows subsequent purification

• Proteins are cloned, expressed in bacterial vectors, and 
purified chromatographically



Estrogen receptor‐affinity isolation for activity‐
directed analysis

Add 100 μg 
his6-ERα LBD

Water/wastewater 
sample (1 – 4 L) + d4-

E1, d4-E2, 13C6-NP

Discard

2 × 3 mL MTBE:MeOH 
(90:10)

Eluent

Waters OASIS HLB SPE

Evaporation and 
resuspension in ER 
binding buffer

Quantitative HPLC-MS/MS 
analysis of targeted EDCs 
(e.g. steroids, alkylphenols, 
pesticides)

Analysis of receptor-active EDCs in eluent by UHPLC-Orbitrap MS/MS or triple-quadrupole MS

Incubate at 4° C to 
capture xenoestrogens
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Co-purify his6 -tagged ER and 
xenoestrogens by nickel-affinity 
chromatography (FPLC)
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Purification of ER‐bound xenoestrogens
from wastewater

ERα-LBD and radioligand tracer (3H-
17β-estradiol) are selectively 
retained from wastewater extract by 
Ni2+ agarose, and can be co-eluted 
with 400 mM imidazole

Fraction #

21   22   23   24   25   27   28   29  30

ERα-LBD



HRMS‐enabled screening using published databases 
and curated/literature MS/MS data

Three databasesThree databasesThree databases

1. 745 High production volume 
pharmaceuticals predicted to be persistent 
and or bioaccumulative (Howard & Muir, 
2011)

2. 610  High production volume chemicals in 
commerce predicted to be persistent and or 
bioaccumulative (Howard & Muir, 2010)

3. 1006 pesticides & pharmaceuticals 
(ThermoFisher Scientific Environmental & 
Food Safety database)

Question: which 
compounds within a 
curated list are present 
in this sample?



1700

43

5

Features detected in the chromatogram

peak score>0.8

‐2 ppm <mass error< 2 ppm

Isotope pattern score>80%

Tentative ID by 
HRMS/MS inspection

Data filtering and tentative compound 
identification

Filtered features



Example: suspect ID from library MS/MS

Peaks matching entries in the Thermo EFS database

Peak ID Formula CAS no.  Delta ppm Peak Score Isotope Score 
Peak 211(‐412.96681 @RT 
9.21) C8HF15O2 335‐67‐1 0.23 0.77 100

∆m/z=0.23 ppm

Isotope score= 100%

Identification as 
perfluoroocanoic

acid (PFOA)

Experimental MS/MS 
spectrum

Library MS/MS 
spectrum



Xenoestrogens tentatively identified in receptor affinity 
extracts of Kiawah wastewater by suspect screening

Name Class
Previously known
env. xenoestrogen? Formula

Delta 
ppm Peak Score

Isotopic Pattern 
Score

Confirmed & 
Quantified?

17β‐estradiol
Endogenous
steroid Yes C18H24O2 0.32 0.85 100 0.70 ng/L

Estrone
Endogenous
steroid Yes C18H22O2 0.19 0.81 95 11.5 ng/L

Celecoxib
NSAID 
Pharmaceutical No C17H14F3N3O2S 1.35 0.90 100 no

PFOA
Fluorinated
surfactant Yes C8HF15O2 0.23 0.76 100 no

Efavirens
Antiviral 
pharmaceutical No C14H9ClF3NO2 0.96 0.87 100 no



1. Effects-directed analysis: Identifying toxic 
components of aircraft deicing/anti-icing fluids 
(ADAF)

2. Activity-directed analysis: Receptor affinity 
extraction for identifying estrogenic compounds 
associated with water reuse

3. Fate-directed analysis: Non-targeted analysis of 
micropollutant fate in wastewater treatment

Example approaches from my laboratory:



• Micropollutant fate in wastewater treatment is 
process‐dependent

• Removal efficiencies may vary substantially 
depending on micropollutant structure

• Needed:  methods for “holistic” assessment of 
micropollutant fate during wastewater treatment

OBJECTIVE:
Application of a non‐targeted LC‐HRMS method for 

fate‐directed analysis of micropollutants in wastewater 
and surface water

Wastewater is a significant source of emerging 
contaminants to the aquatic environment

Science 16 February 2001: vol. 291 no. 5507 1221‐1224

Environmental 
Analytical Chemist: 

1970s ‐ 2010

Environmental 
Analytical Chemist: 
2010 & beyond



Study site and sampling 

North Durham WWTP: 
• 20MGD
• Conventional activated sludge treatment + UV 

disinfection Ellerbe Creek upstream of North Durham 
WWTP

Ellerbe Creek downstream of North 
Durham WWTP



Data analysis workflow

Two suspect databases: 
1. Thermo EFS database 

(1,004 substances with 
MS/MS library)

2. Compiled  from 
literature including PBT, 
occurrence, and pharm. 
analytics (4,475 
substances)



Feature filtering: Results 



Feature filtering: Results 



Feature filtering: Results 



Feature filtering: Results 



Feature filtering: Results 



Clustering of suspect hits enables pattern‐dependent 
analysis

Example of 
suspect with 
apparent increase 
after treatment



Secondary 
• RT : 19.12 min
• Mass error: ‐0.37
• Peak area: 3.6e5

Effluent 
• RT : 19.12 min
• Mass error: ‐0.19
• Peak area: 1.0e7

Ellerbe Down  
• RT : 19.14 min
• Mass error: ‐0.64
• Peak area: 8.3e6

Detailed inspection reveals strong increase after UV 
disinfection



Effluent #2459 RT: 19.12 AV: 1 NL: 4.61E5
T: FTMS + p ESI d Full ms2 336.18@cid35.00 [80.00-350.00]
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Helbling, et. al., Environ. Sci. Technol. 2010, 44, 6621‐6627

Observed HR/AM MS2: 

Literature HR/AM MS2: 

Match Value: 

Tentative ID: Valsartan transformation product



What is its source?  Mycotoxin detected in 
foodstuffs…

OH

OH

O

O

OH3C

HO CH3

Example of a compound appearing after treatment: 
altenuene



Zolpidem carboxylic acid (ZPCA)?

Ascalone, V. et al, J. Chromatogr.‐Biomed.
(1992) 581(2), 237‐250.

OR

Vajta, S. et al, Biomed. 
Environ. Mass (1988) 15(4), 
223‐228.

N

N

H3C

N

H3C
CH3

O

O

OH

UV disinfection

Possible photodegradation product?

Souri, E. et al, The Open Conference 
Proceedings Journal. (2012) 3, 13‐17.

Identification of a novel TP in the environment
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Results:  Suspect compounds tentatively identified

• 52 compounds from seven classes 
identified in wastewater/surface water

• 9 of these are novel (not detected in the 
environment previously)



Tentative Novel Compound Identifications

Compound Class Structure

Altenuene Mycotoxin

1‐Butanone, 3‐(hydroxymethyl)‐4‐(1‐
methyl‐1H‐imidazol‐5‐yl)‐1‐phenyl‐

Transformation product of 
pilocarpine (glaucoma treatment)

Atractylenolide II Sesquiterpene natural product

Ranolazine Antianginal

ZPCA Transformation product of 
zolpidem (Ambien)

Atorvastatin lactone Transformation product of 
atorvastatin (Lipitor)

Tapentadol Analgesic 

Raltegravir Antiretroviral HIV treatment

4‐(2,3)‐dihydro‐3‐benzofuranyl)‐2‐
butanone

Transformation product of 
butylphthalide (celery oil comp.)
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Conclusions

• Systematic effects‐directed analysis approaches can solve 
practical problems in environmental contaminant science.

• Affinity purification approaches based on mode‐of‐action‐
specific molecular interactions of toxicants with receptors 
are well‐suited for coupling with analytical detection 
methods.

• Process‐dependent analysis is a powerful tool in 
combination with non‐targeted or suspect screening for 
prioritizing the most relevant micropollutants in a 
contaminant mixture.

• New generation non‐targeted analysis relies CRITICALLY on 
both analytical technologies (e.g. mass spectrometry) and 
high‐content bioassays.



What’s next for non‐targeted analysis??

• New screening assays for determining effects:
– High throughput fish embryo assays (in vivo)
– Multi‐target reporter assays (in vitro)

http://switchgeargenomics.com

• Ultra‐high resolution mass spectrometry
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• Application of new receptors in affinity isolation methods
• Multidimensional separations for finer fractionation
• Better molecular databases, spectral libraries, and MS data‐

analysis tools
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