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BACKGROUND
Military service may result in a heightened risk of cancer and other 
health related issues due to environmental or hazardous exposure. 
This project aims to develop a robust set of tools to assist in exposure 
science research.

In biological exposure studies assessing small molecules (xenobiotic 
or endogenous), well defined materials are required to assess 
compound “behavior” in an assay as well as for platform and process 
validation. Towards these purposes we established three products: An 
“Exposure Compound Library” (~300 entries) to identify compound 
identities across experiments, an “Exposure Reference Standard” 
(~50 entries) of isotopically labeled internal standards for quality 
assurance/quality control assessment, and a “Long Term Reference 
Sample” for platform/process validation, assessment of technical 
variability and bridging experiments.

Discussed are the formulations, compound selection rationale, 
chemical diversity, and initial characterization of these three 
products.

HIGHLIGHTS
● Understand the roles of “compound libraries”, “internal 

standards” and “long term reference samples” in molecular 
analytic workflows and their utility in validating analytic 
platforms and understanding measurement variability.

● Understand the rationale that governed the selection of 
specific compounds for our exposure libraries and internal 
standards. Understand the utility of these compounds for 
class based relative quantitation.

● Understand the role of a long term reference sample in 
validating workflows and bridging datasets measured in 
different laboratories or at different times.

Methods
EXPOSURE COMPOUND LIBRARY

Compound libraries, in mass spectrometry (MS), are procured 
standards, extensively analyzed, that can be used to register m/z, 
retention time (RT) and fragmentation (ms2) against putative 
unknown analytes in a mixture (Figure 1). Reference chemicals were 
selected through a review of the literature (Table 1) aimed to identify 
chemically diverse substances with potential cancer risks relevant to 
military exposures in garrison and while deployed.  Chemicals listed 
included those identified by the National Toxicology Program’s Report 
on Carcinogens as "known to be a human carcinogen" or "reasonably 
anticipated to be a human carcinogen" [1] as well as those identified 
by the International Agency for Research on Cancer (IARC)as 
“carcinogenic to humans (Group1) or “probably/possibly carcinogenic 
to humans” (Groups 2A and 2B) [2].   Specific consideration was given 
to other chemicals of concern associated with burn pits, pesticide 
application, and water contaminated with jet fuels and firefighting 
foams [3-11].  Chemical classes of interest included but were not 
limited to: Per- and polyfluoroalkyl substances (PFAS), dioxins and 
furans (PDCCs and PCDFs) , polycyclic aromatic hydrocarbons (PAHs), 
volatile organic chemicals (VOCs), phenols, parabens, and phthalates.

LONG TERM REFERENCE SAMPLE
Pooled (separate male and female)  human sample materials (both 
plasma and serum) were procured via BioIVT (Westbury, NY) and 
described in Figure 2.  Aliquoting protocols are shown in Figure 3 and 
describe how to match “thaw count” with external samples and 
where to introduce reference compounds.

EXPOSURE INTERNAL STANDARD
MS internal standards are typically compounds in which one or more 
atoms are replaced by their non-natural isotopes to create unique MS 
signatures.  Our initial list (Table 2) is a combination of compounds 
from Table 1 augmented by compounds of interest to the authors as 
well as compounds identified as xenobiotics frequently found in 
human populations[12].  As these samples are meant to act as 
internal standards used with every sample, we sought to reduce the 
complexity of this list to improve handling.  Our goal was to create a 
“class based” exposure standard set in which a majority of compound 
classes of interest were represented such that each selected standard 
could act as a surrogate for all similar compounds (e.g., Valine should 
behave similarly enough to Alanine/Leucine/Isoleucine as to act as a 
“stand in”).  To reduce our list we “fingerprinted” our compounds 
using Extended Connectivity Fingerprinting (ECFP, [13]) with a radius 
of 4 atoms (Figure 4) and then clustered the compounds based on 
Tanimoto similarity ([14], Figure 5).  Individual clusters formed with 
Butina Clustering [15], similarity 0.5 were inspected and reduced to a 
single representative (Figure 6) resulting in a set of compounds of 
reduced similarity (Figure 7).

Our final set of compounds is shown in Figure 8.  To validate the 
landscape of compounds we have captured, we have overlaid these 
compounds on top of a structural similarity graph created from our 
Compound Library (Figure 9) suggesting that we have covered most 
of the landscape represented by our library.

Results
The LTRS has been acquired and distributed to Windber Research 
Institute (WRI) as well as Pacific Northwest National Laboratory 
(PNNL) in support of MCCRP and PROMETHEUS efforts. PNNL is 
completing its measures of the analytes in the Exposure Compound 
Library.   Currently we are in final review of expected biological 
concentrations for the Exposure Internal Standard after which these 
heavy isotope mixtures will synthesized and made available to the 
community as “kits” for their own exposomics endeavors. 
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Figure 5: Visualization of Tanimoto Similarity. 
The Tanimoto similarity between ECFP’s are 
calculated as the proportion of hits out of the total 
possible.  False colored here light to dark 
corresponding to 0 to 1 and clustered according to 
similarity.

Design and Formulation of an EXPOSURE COMPOUND LIBRARY

Figure 1: Mass Spectral Compound Libraries. Mass spectral libraries allow for 
high-confidence identifications of specific compounds in unknown samples.  This is a 
two part process.  In the initial process (library building), shown in A, collections of 
known compounds are run through the mass spectrometer and their retention times 
(RT), mass to charge (m/z) and fragmentation spectra (ms2) are collected (shown with a 
pink border).  Compounds will be ionized with liquid chromatography coupled to 
combination of Electrospray Ionization (ESI) and Atmospheric pressure photoionization 
ionization (APPI)  with follow up gas chromatography coupled to Electron Impact (EI) 
ionization as required.  Subsequently, when unknown samples are measured in the 
mass spectrometer (B), the RT, m/z and ms2 spectra are compared against the library 
and matches are used to confirm the presence of these compounds.

A)    Library Generation

B)    Library Searching

Table 1: Target Exposure Compounds. Listed are the CAS numbers and the compound names for the 301 compounds we have identified 
as targets for our Exposure Compound Library.  Please see the methods for methodology of selection of theses compounds.
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Figure 2: Long Term Reference Sample (LTRS). Our LTRS was acquired to support 
efforts in PROMETHEUS and for the MCCRP.  There are 4 separate pools for plasma 
and serum, male and female acquired from BioIVT.  Each 1.6 L pool was comprised 
of N individuals as shown in (a) with demographics as shown in (b).  Below is 
discussed our plan for an EXPOSURE INTERNAL REFERENCE, inset (c) demonstrates 
how can can be used to dope the LTRS as it is aliquoted.

(b)

N= Plasma Serum

Male 15 10

Female 25 9

(a)

(c)

Figure 3: LTRS Aliquoting Schedule.  Aliquoting schedule for the 
LTRS is designed to match handling of real samples.  All thaw 
steps are red and dotted, all freeze steps are in blue and dashed 
and all transfer steps are in black and solid.  Samples from DodSR 
come in 2 mL cryotubes (c, c’).  All our samples are analyzed from 
microplate format tubes (f).  We designed our handling of LTRS 
material (b) for convenient volumes (c,d) and to match the thaw 
count of “real” samples - we do not go directly from (b) or (d) to 
(f) without a freeze/thaw producing (e)

(a’)

Design and Formulation of an EXPOSURE INTERNAL STANDARD

Table 2: Target Exposure Internal Standards Compounds. Listed are the compound 
names for the short list (N=131) of compounds curated for for potential inclusion in an 
exposure internal standard.

A)                       B)                       

C)                       

Figure 4: Extended Connectivity Fingerprinting 
(ECFP).  Each atom in a compound was iteratively 
accessed at a diameter of 4 neighbors (A) to produce 
a unique binary representation representing that 
structure (B).  The totality of representations  were 
collapsed into a 2048 bit space creating the final hash 
for that molecule (or“fingerprint”)

* J. Chem. Inf. Model. 2010, 50, 5, 742–754
** https://docs.chemaxon.com/display/docs/fingerprints_extended-connectivity-fingerprint-ecfp.md

* **

**

A)                       

B)                       

Figure 6: Set Reduction.  Butina Clustering (0.5) 
created compound sets from which a representative 
unit from each was selected.  In some cases (A) the 
most “iconic” compound was chosen.  In other cases 
(B) availability or price guided choice.  Sometimes 
multiple similar compounds were kept for biological 
rationale (e.g., nicotine, cotinine)

Figure 7: Visualization of Tanimoto Similarity - 
Post Reduction. Shown is the reduced similarity of 
our compound list following set reduction based on 
the strategy of set reduction shown in Figure 6.

A)                       B)                       Figure 8: Final set.  
Visualized, sorted by 
compound class (A) is 
our current final set of 
compounds (B) clustered 
by structural similarity.  
In this visualization are 
apparent some of the 
biological decisions we 
have made to keep 
rather than reject certain 
similar compounds (such 
as nicotine/cotinine (C)) 
shown by the red circle.

C)                       

Figure 9: Visualized Compound Structure Coverage : Non-metric multidimensional 
scaling of paired Tanimoto distance scores for compounds in the chemical library 
(Table 1, shown by their Superclass) and exposure internal standards (Figure 8, in 
black) indicates that our selected internal standards cover the broad range of 
exposure compounds that our team has identified as highly relevant for human 
exposure studies.
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