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I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

Jimmie Oxley Co-PI URI joxley@chm.uri.edu

Jim Smith Co-PI URI jsmith@chm.uri.edu

Brenton DeBoef Co-PI URI bdeboef@chm.uri.edu

Gerald Kagan Post-Doc URI gkagan@chm.uri.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Jeff Canaria PhD URI 5/2020

Michelle Gonsalves PhD URI 5/2019

Victoria Stubbs PhD URI 5/2021

Zeeshan Parvez MS URI 5/2017

Chris Perez B.S. URI 5/2020

Maxwell Yekel B.S. URI 5/2017

II. PROJECT DESCRIPTION

A. Project Overview

Work continues on enhanced swabs using electrostatic charging to improve pickup of explosive particles.  
Efforts also continue to expand and improve on the range of canine safe-scent training aids.  As both the 
triacetone triperoxide (TATP) and hexamethylene triperoxide diamine (HMTD) aids are being tested in the 
market, minor improvements become necessary. Both of these efforts require that samples with as little as 
10 ng/mL (45 nM) be accurately quantified. Many challenging analytical issues were met and successfully 
surmounted.  These are discussed in the R1-A.1 Year 5 Project Report. This report will focus on an aspect of 
marketing canine training aids, not previously considered: Is the product harmful to the canine?  To answer 
this question, the metabolism of TATP was examined in vitro using the liver microsomes of male beagle dogs 
(DLM). Only one metabolite, hydroxy-TATP (TATP-OH), was identified. Canine CYP2B11 was the only enzyme 
specifically determined to catalyze TATP metabolism, but the degree to which it metabolized TATP was insuf-
ficient to account for observed DLM metabolism. This observation suggests more than one enzyme may be in-
volved. The metabolite disappears over extended incubation times, but no other metabolites were detected. 

B. State of the Art and Technical Approach

The ease of production and power of peroxide explosives makes them appealing to those wishing to inflict 
damage and destruction [1-3]. Therefore, research into the formation and safe destruction of these com-
pounds, as well as applications for their trace detection must continue. Currently, canines are being trained 
to detect trace levels of  TATP and HMTD to mitigate risk of  terrorist attacks [4]. This results in significant 
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exposure of both humans and canines to these compounds. While some of the more common, older explo-
sives such as trinitrotoluene (TNT) have been fully investigated for metabolism and subsequently found to 
have toxic metabolites [5,6], many newer or peroxide-based explosives have never been tested for toxicity. No 
information on the metabolism or potential toxicity of these easy to produce homemade explosives (HMEs) 
currently exists.  
Hydrogen peroxide is produced through many endogenous sources including, mitochondrial respiration [7], 
superoxide dismutase activity [8], and metabolism by P450 [9] or other oxidase enzymes [10]. While H2O2 is 
necessary for the redox regulation of many physiological processes [7], it can cause cellular damage, and its 
destruction by catalase and enzymes like glutathione peroxidase is well known [11-13]. The reactivity and 
metabolic fate of hydroperoxides has been examined [14-17]; and there is much work done on the meth-
ylation of DNA from exposure to organic hydroperoxides, particularly in the presence of iron(II) [18,19]. 
Although organic hydroperoxides are generally too reactive to be used medicinally, cyclic peroxides are used 
as anti-parasitic drugs [20-24]. Literature would suggest that cyclic peroxides may be stable in the body and 
available for systemic circulation. When (and if) there is interaction with ferrous iron or some other agent, 
significant toxicity or mutagenicity may occur. (It should be noted that TATP was shown to be stable in the 
presence of iron(II) when solvated in tetrahydrofuran, but not in ethanol [25]).  
While HMTD is not volatile [26]4,6-trinitrotoluene (TNT and is most likely detected by the scent of its degra-
dation products [27]density functional theory (DFT, TATP is quite volatile as an intact molecule and is known 
to sublime [28]. This would make inhalation the most likely route of exposure. Furthermore, with sensitive 
explosives, using gloves is generally not an acceptable practice as the static associated with nitrile or latex 
can cause initiation. With these compounds being rather lipophilic (log Po/w: TATP = 3.21 and HMTD = 1.99), 
the risk of exposure due to absorption through the skin is rather high. Investigation of the metabolism of 
TATP and HMTD may determine if measures should be instituted to mitigate exposure for both animals and 
humans working with these compounds. We have previously established that TATP vapor in a closed vessel 
exists at a concentration of about 375 μg/L [29]. With an average dog lung capacity of about 40 mL/Kg [30], 
a 30 Kg dog (~65 lbs), has a lung capacity of 1.2 L. A full breath would lead to an exposure of 450 μg. For 
humans, with a vital lung capacity of 4 to 5 L [31], exposures in a closed room over a short time could lead 
to very large doses. As a forensic consideration, if TATP and HMTD are not extensively metabolized and are 
stable in the body, individuals producing large quantities of these materials for nefarious reasons may be 
identified by the analysis of small amounts of blood. 
The analysis of TATP and HMTD by reverse phase liquid chromatography-mass spectrometry (LC-MS) is the 
most amenable means of separation and detection for aqueous-based samples of these molecules and their 
potential metabolites. Development of assays for these compounds have presented significant analytical 
challenges. For instance, LC-MS analysis of peroxides cannot have acetonitrile in the mobile phase solvent 
due to severe, direct, gas-phase ion suppression by the solvent [32]. While methanol is a better solvent for 
ionization, both HMTD [33] and TATP [29] react with alcohols in the gas phase depending on the conditions 
used. Since concentration of TATP solutions cannot be performed due to the volatility of TATP, it is fortunate 
that the chromatographic peak shape is relatively unaffected by high levels of strong solvent content in the 
injection plug. Also fortunate, is that HMTD is not affected by solvent evaporation since its peak shape and 
sensitivity are tremendously altered by small changes to the organic content in the sample plug [34]. The ful-
ly deuterated TATP and HMTD molecules have been synthesized for use as an internal standard (IS) in their 
analysis [29, 34]. The work presented herein focuses strictly on TATP metabolism.
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TATP Analysis:  TATP and d18-TATP were synthesized and their [M+NH4]+ ions at m/z 240.1442 and m/z 
258.2571, respectively, were monitored using a Thermo Electron LTQ Orbitrap XL or Exactive mass spec-
trometer equipped with an APCI interface. Chromatographic details can be found elsewhere [35]. The same 
analytical procedure for TATP was used to quantify the synthesized TATP-OH (Fig. 1). Aqueous TATP samples 
at 37 °C in containers open to the atmosphere showed significant loss of compound due to volatilization 
[29]. Therefore, microsomal incubations had to be performed in closed containers. Oxygen gas was bubbled 
through the buffer matrix for several minutes prior to incubations to provide the required atmospheric O2 for 
enzymatic reactions. Open and closed incubations of verapamil were used to validate this method. 
Microsomal Incubations: Samples were run in triplicate with TATP initiating each reaction. Incubations of 
1mL were performed in a shaking reaction block at 37°C in potassium phosphate buffer, reduced nicotin-
amide adenine dinucleotide phosphate (NADPH), and  0.5mg/mL of dog liver microsome (DLM) proteins 
(579 pmol P450/mg protein). Details on condition are given elsewhere [35]. In parallel with each trial, sam-
ples of TATP in buffer were incubated and treated identically to account for the headspace evaporative loss 
associated with opening the tube at each time point (significant at concentration >10 µM). Evaporative loss 
data was added to each metabolic loss data point to account for non-metabolic loss. Closed containers of 
TATP in buffer showed no degradation of TATP under the incubation conditions; thus, it was metabolism, 
rather than decomposition which resulted in TATP loss. 
Results: Preliminary work performed at high concentrations of TATP (100 μM in 1 mg/mL DLM) showed 
only one metabolite, TATP hydroxylated on one of the primary methyl groups (TATP-OH) (Fig). A significant 
amount of the TATP remained intact. Product formation was NADPH-dependent; this was confirmed by in-
cubation of the fully deuterated TATP. To perform any type of enzyme kinetics, incubations would require 
detection well below 1 μM (222 ng/mL). With that level being diluted in half with ACN/IS addition and our 
inability to concentrate the samples by evaporation, significant efforts to lower the detection limit were re-
quired. The target LLOQ was 10 ng/mL, approximately 10x less than the required 111 ng/mL needed for 1 
μM incubations. Achieving this level was possible by adjusting the mass spectrometric conditions and moni-
toring m/z 89.0597, the gas phase reaction product of TATP with MeOH [29]; however, to assure that related 
metabolites could also be detected we chose to look at the intact TATP ammonium adduct at m/z 240.1442, 
which could now be detected with an lower limit of quantification of 25 ng/mL.
A number of experimental conditions required significant research [35]; yet day to day variability remained 
unacceptable. Evaporation in the headspace of the tubes was the prime suspect. On several different days, 
incubation of two closed, aqueous TATP samples for one hour were performed. One sample remained closed 
the full hour and one was sampled every 15 minutes. Fortunately, there was no detectable substrate degra-
dation, but significant sample loss (frequently greater than 3% depending on concentration) was observed 
due to the opening of the tubes for sampling. Attempting to perform separate incubations for each time point 
in individual tubes provided data with even more inconsistency. With many variables to affect specific evap-
oration at any given time, it was decided that every incubation would have an identical, parallel incubation 
performed in buffer alone. The concentration loss at each time point from these buffer-only incubations was 

Figure 1: Structures of TATP, d18-TATP and TATP-OH ammonium adducts.
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added to the TATP concentrations from the metabolic incubation to account for non-metabolic TATP loss due 
to evaporation. Data for a single incubation trial at 50 μM TATP in DLM is shown in Figure 2. For determina-
tion of kinetics, three trials were performed at each concentration. Using this method, results improved to an 
acceptable consistency.

Kinetics were assessed on initial substrate depletion. Several methods of analysis were examined (Fig. 3). 
The most common, Michaelis-Menten, estimated the non-specific Km for TATP depletion as 2.21 µM (± 14.8%) 
with a Vmax of 1.13 nmol/min/mg protein (± 3.27%). The half-life at 2.5 μM (close to Km) was graphically cal-
culated to be 3.82 minutes with an intrinsic clearance of 363 μL/min/mg protein. When sampling time was 
extended past 15 minutes at concentrations of 10 μM or higher, where TATP metabolism would begin to slow, 
the mono-oxidation product appeared to be further consumed with no secondary metabolite(s) observed. At 
concentrations of 50 μM or higher where TATP persisted at high levels past 30 minutes, the TATP-OH prod-
uct response levels appear to be in a steady state (possible balanced between formation and destruction of 
metabolite) (Fig. 4). 
 

Figure 2: Incubation of 50 μM TATP in DLM. Each data point is the mean of two injections.
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Incubations were designed to identify the isoform responsible for TATP metabolism using the commercially 
available isoforms of recombinant P450 dog liver (rCYP 3A12, 1A2, 2D15, 2C21 and 2B11). This covered 
about 85% of dog liver P450 [35, 36]. A constant concentration of 2.5 µM TATP (close to the Km) was incu-
bated for 5 minutes in each rCYP as described above.  Data shown in Figure 5 suggests that only rCYP2B11 
participated in the metabolism of TATP to TATP-OH with only about 15% conversion, compared to ~40% 
turnover in DLM. If we estimate the DLM contain ~18% CYP2B11, this only accounts for about 5-6% of the 
40% metabolized.  

   

Figure 3: Michaelis-Menten plot, Lineweaver-Burke Plot, and Hanes Plot for TATP non-specific metabolism in DLM.

Figure 4: Average peak area counts for TATP and TATP-OH incubated at 10 & 50 μM in DLM for 60 minutes at 37°C. Area 
counts are in millions.  
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To determine if systemic exposure would been issue, dog lung microsomes (DLugM) were incubated with 
2.5 µM TATP. Negligible metabolism was observed compared to DLM. Figure 6 compares the formation to the 
TATP-OH metabolite in dog liver and lung microsomes. The TATP loss is difficult to distinguish from evapora-
tive loss in lung microsomes. This lack of metabolism in the lungs suggests that TATP could have significant 
systemic exposure in canines. 

Conclusions: TATP metabolism was characterized in canine liver microsomes. Only one hydroxylated me-
tabolite was detected. Although the clearance was high, the low capacity of metabolism suggests that large 
exposure to TATP vapor could lead to significant systemic exposure. This was further evidenced by the lack 
of lung microsomal activity, since inhalation is the most likely route of exposure. With the assumption that 

Figure 5: Remaining % TATP following 5 minutes incubation of 2.5μM substrate in 100 pmol/mL rCYP P450 or 200 
pmol/mL P450 in DLM (left); and rCYP2B11(50 pmol/mL) run with and without cytochrome b5 (250 pmol/mL) and DLM 
(200 pmol/mL) for 5, 10 and 15 minutes (right).   

Figure 6: Ratio of TATP-OH/internal standard peak area ratios from incubation of 2.5 μM TATP in dog liver (DLM) and 
lung (DLugM) microsomes.
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absorption would not be much of a barrier, TATP may be sequestered in cells (and toxic) if its clearance does 
not progress by other means.

C. Major Contributions

• Modes by which peroxide explosive signatures can be masked by solvent were revealed (Years 3-4).
• The best practices in analyzing peroxide explosives were established (Year 5).
• Many of the challenging analytical issues surrounding TATP analysis by LC-MS have been addressed so 

that samples as little as 10 ng/mL (45 nM) can be quantified (Year 5).

D. Milestones

Many of the challenging analytical issues surrounding TATP analysis by LC-MS have been addressed so that 
samples as little as 10 ng/mL (45 nM) can be quantified.

E. Future Plans (Year 6)

We intend to investigate the metabolic fate of TATP-OH and expand the metabolic studies on TATP to human 
microsomes. Likewise the metabolism of HMTD requires examination although it is unlikely that such as big 
undertaking can be accomplished in a year.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Our methods of peroxide characterization have been well-received by the homeland security enterprise. At 
this point we are just beginning to raise the question of whether our researchers are being exposed to harm-
ful vapors.
We have established that TATP vapor in a closed vessel exists at a concentration of about 375 μg/L.  For hu-
mans, with a vital lung capacity of 4 to 5 L, exposures in a closed room over a short time could lead to very 
large doses. Whether this is truly a problem should be established as soon as possible.

B. Potential for Transition

Should our enhanced swabs pass the Transportation Security Lab testing, DSA detection, has already agreed 
to work with us on issues with manufacturing. Likewise, we are working with Detectachem to see that our 
safe-scent canine training aids are available for those with bomb-sniffing dogs. 

C. Data and/or IP Acquisition Strategy

Canine training aids are licensed to Detectachem. The production of the charging station for enhanced swabs 
would likely be licensed to DSA Detection. 

D. Transition Pathway 

In addition to the outreach provided by partnering with commercial vendors, we transfer the knowledge 
product to the user community by publications, presentations, and classes. (The results of this work reach 
over 300 researchers annually through classes they request.)
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E. Customer Connections

The connections to DHS (central), TSL, and TSA are strong. To date the FBI is the major agency outside of DHS 
which is aware of the details of this project.   

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. We have had 13 classes on seven different topics which were attended by a total of 275 people in 

Year 5—three of those classes were specifically for TSA employees.  
2. Student Internship, Job, and/or Research Opportunities

a. Four graduate students completed their degrees with DHS ALERT support. Two students are 
now employed at Applied Research Associates (ARA) at Tyndall Air Force Base (Florida), work-
ing on TSA screening equipment, and a student is employed at Signature Science, supporting 
TSL, and one at the FBI.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution  
Students or Faculty
a. We hosted researchers from the Netherlands Forensic Institute. They are collaborating with us 

on a European Union examination of methods of ETN production.
4. Training to Professionals or Others

a. See “New and Existing Courses Developed” (Section IV.H).

B. Peer Reviewed Journal Articles 

1. Bakhtiyarov, S.I; Oxley, J.C., Smith, J.L., & Baldovi, P.M. “A Complex Variable Method to Predict a Range 
of Arbitrary Shape Ballistics.” Journal of Applied Nonlinear Dynamics, 6(4), December 2017, pp. 521-
530. DOI:10.5890/JAND.2017.12.007

2. Oxley, J.C., Smith, J.L., & Brown, A.C. “Eutectics of Erythritol Tetranitrate.” The Journal of Physical 
Chemistry C, 121(30), July 2017, pp. 16137-16144. 

3. Oxley, J.C., Furman, D., Brown, A.C., Dubnikova, F., Smith, J.L., Kosloff, R., & Zeiri, Y. “Thermal Decom-
position of Erythritol Tetranitrate: A Joint Experimental & Computational Study.” The Journal of Phys-
ical Chemistry C, 121(30), July 2017, pp. 16145-16157. DOI:10.1021/acs.jpcc.7b04668

C. Other Publications

1. Oxley, J.C., Smith, J.L., Porter, M, Yekel, M.J., & Canaria, J.A. “Potential Biocides: Iodine-Producing 
Pyrotechnics.” Propellants, Explosives, Pyrotechnics, 42(8), July 2017, pp. 960-973. https://doi.
org/10.1002/prep.201700037

D. Peer Reviewed Conference Proceedings

1. Oxley, J.C. “Analysis of Peroxide Explosives.” 44th annual North American Thermal Analysis Society 
(NATAS) Conference, University of Delaware, August 7-9, 2017.
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E. Other Conference Proceedings

1. “The Future of Energetic Materials.” Bar Ilam University, Israel, September 7, 2017.
2.  “Adventures in Analyzing Peroxide Explosives.” ISADE, Oxford, UK, September 17-21, 2017.  
3.  “Why Study Energetic Materials?” Texas Tech University, November 13, 2017.
4. “Difficulties in Analyzing Peroxide Explosives.” JANNAF, December 5, 2017.

F. Other Presentations 

1. Poster Sessions
a. Student poster for the Centers of Excellence Summit, Arlington, VA, May 2018. 

2. Short Courses
a. See Section IV. H for details. 

3. Briefings 
a. See presentations above.

4. Interviews and/or News Articles 
a. Gormly, K.B. “Sept. 17, 1862 — The Day Pittsburgh Exploded.” Pittsburgh Quarterly, July 2017. 

https://pittsburghquarterly.com/pq-people-opinion/pq-history/item/1487-sept-17-1862-
the-day-pittsburgh-exploded.html (Article about the 1862 Allegheny Arsenal explosion during 
the Civil War). 

b. Jones, C. “Outrageous Acts of Science.” August 2017 (About explosivity of frozen gasoline).
c. Kemsely, I. ACS C&EN, September 2017. (About explosion of Arkema peroxides after tropical 

storm Harvey knocked out power).
d. Hinnant, L. AP, September 2017. (About London train bombing). 
e. Silver, A. “They’ve only gone and made a chemical-threat-detecting ring.” The Register (London), 

October 2017, https://www.theregister.co.uk/2017/10/11/chemical_threat_detector_ring
f. Freeman, C. Freelance for Daily Telegraph, October 2017. (Research on “master” bomb maker).
g. Mayall, C. Daily Planet, Discovery Canada [television show], November - December 2017 (URI 

created a small-scale model of the  Halifax Explosion (100th anniversary)).
h. Wellner, J. December 2017. (Former actor and researcher for CSI; questions about vapor switch-

es for bombs).
i. Owen, N. The Gazette Newpaper (UK), December 2017. (About storage of 15 tons of AN at Sharp-

ness Docks, Gloucestershire). 
j. Mosher, D. “A terrorist attacked New York City’s subway with a nail bomb — here’s how the de-

vices work and why his didn’t.” Business Insider, December 2017. http://www.businessinsider.
com/nyc-subway-attack-pipe-bomb-failure-explained-2017-12

k. Wood, R. Daily Planet, Discovery Canada, December 2017 (About NYC explosion). 
l. Hughes, T. February 2018 (Author about a 1907 murder by bombing). 
m. William Henningan, “How Bomb Investigators Piece Together the Clues After an Explosion.” 

TIME, March 22, 2018. http://time.com/5209610/austin-bombing-investigation/
n. Dexheimer, E. “For those with ill intent, many bomb items unregulated, easy to find.” Austin 

American-Statesman, March 21, 2018. https://www.mystatesman.com/news/for-those-with-
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ill-intent-many-bomb-items-unregulated-easy-find/lzmOr4IRHgdywg9oAWdgUL/
o. Donovan, J.  Freelance writer in Atlanta, March 21, 2018. (About Austin bombing).

5. Other 
a. Dr. Oxley is a standing ACS Expert.

G. Student Theses or Dissertations Produced from This Project

1. Colizza, K. “Metabolism and Gas Phase Reactions of Peroxide Explosives using Atmospheric Pressure 
Ionization Mass Spectrometry.” Chemistry PhD, University of Rhode Island, May 2018.

H. New and Existing Courses Developed and Student Enrollment

Student enrollment is shown. Only one class is a first time offering (Explosive Field Testing); none result in a 
certificate. A full description can be found at http://energetics.chm.uri.edu/node/95

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

New Certificate Explosive Field Testing Field instrumentation for explosive 
testing 

15

Existing Certificate Fundamentals for TSA Overview of explosive synthesis; de-
tailed review of ETD, X-ray, and Raman 
detection

20

Existing Certificate Fundamentals of  
Explosives Eglin AFB

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Fundamentals of  
Explosives Fallbrook 
AFB

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Dynamic Diagnostics of 
Explosives

Theory of experimental design for 
explosive testing

34

Existing Certificate Explosive Components 
&  Firing Trains

Specific components for explosive  
testing, special emphasis on firing 
trains

25

Existing Certificate Fundamentals of  
Explosives EBAD

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

17

Existing Certificate Fundamentals of  
Explosives URI

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

37

Existing Certificate Explosive Analysis How to identify explosives in the lab 9

Existing Certificate Explosive Trains &  
Components

Specific components for explosive test-
ing, special emphasis on firing trains

17

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and  
Raman detection

22

Existing Certificate HME Characterization & 
Analysis

Laboratory analysis with emphasis on 
mass spectroscopy

20
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New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and Ra-
man detection

22

TOTAL 276

I. Technology Transfer/Patents

1. Oxley, J., Smith, J, & Canino, J.  “Non-Detonable Explosive or Explosive-Simulant Source.”  U.S. 
9,784,723 B1, October 10, 2017.

J. Software Developed

1. Over 1000 members in the University of Rhode Island’s Explosives Database: http://expdb.chm.uri.
edu/
a. About 250 members are with U.S. government agencies.

K. Requests for Assistance/Advice

1. From DHS
a. On call for a variety of TSA TSS-E personnel.
b. Dr. Oxley is part of the DHS-formed Inter-Agency Explosive Terrorism Risk Assessment Working 

Group (IExTRAWG). In addition to group meetings, a representative was sent to URI for 2 days in 
August 2017, so that we could finalize the metric for selecting threat materials.  

c. Dr. Oxley was a member of the NAS committee on “Reducing the Threat of Improvised Explosive 
Device Attacks by Restricting Access to Chemical Explosive Precursors”  Report issued in May 
2018 http://dels.nas.edu/Study-In-Progress/Reducing-Threat-Improvised-Explosive/AUTO-7-
66-86-I

d. TSA explosive specialists email in questions weekly and occasionally call.
2. From Federal/State/Local Government

a. The new URI bomb dog and his trainer rely on our lab for advice and explosives.
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