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The field of direct inject mass spectrometry includes a massive host of ambient 

ionization techniques that are especially useful for forensic analysts.  Whether the sample 

is trace amounts of drugs or explosives or bulk amounts of synthetic drugs from a 

clandestine laboratory, the analysis of forensic evidence requires minimal sample 

preparation, evidence preservation, and high sensitivity.  Direct inject mass spectrometry 

techniques can rarely provide all of these.  Direct analyte-probed nanoextraction coupled 

to nanospray ionization mass spectrometry, however, is certainly capable of achieving 

these goals.  As a multifaceted tool developed in the Verbeck laboratory, many forensic 

applications have since been investigated (trace drug and explosives analysis). 

Direct inject mass spectrometry can also be easily coupled to assays to obtain 

additional information about the analytes in question.  By performing a parallel artificial 

membrane assay or a cell membrane stationary phase extraction prior to direct infusion 

of the sample, membrane permeability data and receptor activity data can be obtained in 

addition to the mass spectral data that was already being collected.  This is particularly 

useful for characterizing illicit drugs and their analogues for a biologically relevant way to 

schedule new psychoactive substances. 
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CHAPTER 1 

INTRODUCTION 

Current Problems in Forensic Chemistry 

The field of forensic science faces many logistical challenges which all seem to be 

rooted in the established dichotomy of researchers versus practitioners.  As noted in 

Hoffmann, et al [1], these challenges are multifaceted and create an environment in which 

scientific, judicial, and practical needs must all reach some agreement for emerging 

techniques.  Researchers in the natural sciences (e.g., chemistry and biology) typically 

have much looser constraints for cost and time while practitioners rely heavily on 

decreasing both in order to minimize backlogs of casework.  Add the further complication 

of adopting new techniques into standardized operating procedures accepted by the 

judicial system, and it’s easy to see why progress in forensic science and application of 

that progress tends to move so slowly.  

Unfortunately, this is in stark contrast to public opinion of the state of forensic 

science according to a poll of 1000 random jurors [2].  The poll showed a clear 

overestimation (Figure 1) resulting from what has been coined the ‘CSI effect,’ a result of 

millions of people nationwide tuning in to watch forensic dramas such as CSI: Crime 

Scene Investigation and all that followed its lead, like Bones, Cold Case, NCIS, etc.  While 

it’s worth noting that these expectations did not seem to impact conviction decisions, the 

expectation of available forensic evidence could potentially cause a jury to doubt the 

strength of a case when a test they perceive as being rampantly available is not performed 

and presented [2]. Researchers thus must become more familiar with limitations 
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impressed upon forensic laboratories, including cost, time, reproducibility, and staff 

qualifications and develop new analysis techniques accordingly. 

Figure 1. Summary of poll results of 1000 jurors regarding their expectations of 
presentation of forensic evidence in a courtroom. Data adapted from D.E. Shelton’s report 
in the NIJ Journal in 2008 [2]. 

Problems in Analysis of Drugs and Explosives 

A balance must be struck between sensitivity, analysis time, and specificity for a 

technique to most effectively benefit the forensic community.  This is particularly true of 

explosives analyses as they are potentially unstable, though most current techniques 

sacrifice quality in at least one of these areas.  Residue removal from substrates via 

washes or swabs for direct injection are not specific.  Chromatographic separations 

increase specificity but at the cost of typically lengthy analysis times [3-5]. 

These unique problems have prompted the development of many new 

technologies and techniques over the years, some of which will be discussed at greater 
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length later in this chapter.   The most desirable techniques should be at least minimally 

destructive and preferably nondestructive in order to maximize preservation of evidence 

(e.g., latent fingermarks, documents, etc.).  Matrix effects, background contamination, 

and sample preparation can all affect the detectability of trace residues.  Evidence can 

be present in a countless myriad of matrix possibilities which generally leads to extensive 

sample preparation which potentially leads to loss of sample.  For example, drugs are 

often mixed with cutting agents, contain contaminations from synthesis, or are bound with 

fillers in a pill form; explosives are often present in mixtures, as well, especially in 

homemade explosive devices.  This is especially a hurdle in trace (1-100 ppm) and 

ultratrace (below 1 ppm) forensic analysis in which a residue of drugs or explosives has 

been left on an unusual substrate at a crime scene.  

Clandestine Laboratories and Drug Analogues 

Analogs of controlled substances are a major source of disagreement in the legal 

community. The analog statute of the Controlled Substances Act criminalizes any analog 

which has a structure or effect that is “substantially similar” to a scheduled drug.  This 

vague terminology allows for much debate in a courtroom – what is “substantially similar”?  

In the justice system, conviction or acquittal in cases of analogs of scheduled drugs often 

comes down to the testimony of a scientist on similarity of structure or efficacy. 

Comparison of structures can be problematic because opinions differ on what qualifies 

as “similar enough.”  Likewise, studies on efficacy of analogs of most controlled 

substances have not been conducted to establish a basis for comparison of 

pharmacological effect.  Such studies become obviously necessary when data on 

prevalence of new psychoactive substances (NPS) is consulted.  According to the 2015 



4 

World Drug Report from the United Nations Office on Drugs and Crime [6], a steady 

increase of reports of newly identified substances globally has been observed from 2009-

2014 (Figure 2). 

Figure 2. Chart showing the increase of NPS reports from 2009 to 2014. Adapted by 
author from the 2015 World Drug Report from the United Nations Office on Drugs and 
Crime [6]. 

Several cases in U.S. appeals courts have raised the question of constitutionality 

of the analog statute based on vague terminology.  In U.S. vs. Washam (2002) [1], 

Washam appealed a conviction for the distribution of 1,4-butadiol as it was determined to 

be an analog of γ-hydroxybutyric acid, or GHB (Figure 3).  In this case, both prosecution 

and defense brought in scientists to testify to the similarity or dissimilarity of the two 

substances.  The prosecution scientists claimed that the two were substantially similar for 

two reasons: 1,4-butadiol metabolizes to GHB in the human body, and both are 4-carbon 

linear compounds with only one difference on one side of the molecule.  The defense 

scientists testified that due to the different functional groups (carboxylic acid vs. alcohol 
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at the first carbon) and differing acid/base properties, the two were not substantially 

similar.  They also said that monosodium glutamate (MSG, food additive) metabolizes to 

GHB in the body.  The appeals court maintained the district court’s conviction. 

Figure 3. 2-dimensional structure of 1,4-butanediol (left) and GHB (right). 

On the other hand, U.S. vs. Forbes in 1992 concluded that α-ethyltryptamine (AET) 

was not substantially similar to scheduled drugs dimethyltryptamine (DMT) and 

diethyltryptamine (DET) [2].  Defense neuropharmacologists stated that AET was not 

substantially similar because it cannot be obtained by minor changes to DMT or DET; 

they further stated that AET does not have a similar pharmacological effect on the central 

nervous system to DMT or DET.  However, the prosecution’s Drug Enforcement Agency 

(DEA) testimonies were conflicted.  One agent argued that the substances were similar 

because they share the same root tryptamine structure; he also contended that all 

tryptamines exhibit some degree of stimulant effect.  The other DEA agent testified that 

the structures were not substantially similar because AET is a primary amine, whereas 

DMT and DET are both tertiary amines.  This case was dismissed on the grounds that 

the definition of an analogue of a controlled substance (as applied to AET) was 

unconstitutionally vague. 
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Figure 4. Structures of α-ethyltryptamine (left), dimethyltryptamine (middle), and 
diethyltryptamine (right). 

Given the amount of dissension even among the scientific community on what 

justifies ‘substantial similarity,’ a method of removing this ambiguity is imperative.  

Currently, no such technique exists: testimonies are based purely on modeling, trends, 

and sometimes even opinion.  The forensic and legal communities would benefit 

immensely from the development of a reliable, high throughput method which provides a 

more relevant comparison of controlled substances and their analogues. 

Direct Inject Mass Spectrometry in Forensic Applications 

Many techniques using imaging mass spectrometry, direct sampling mass 

spectrometry, and direct inject mass spectrometry have been developed and applied to 

forensic research with the goal of decreasing sample preparation and thus increasing 

throughput.  Of these direct sampling techniques, those that involve direct sampling or 

direct injection tend to be the most efficient for alleviating common issues found in forensic 

analyses. 

Some of the current disparity between sensitivity, analysis speed, and selectivity 

could potentially be alleviated by analyzing an entire heterogeneous sample via imaging 

mass spectrometry.  Spatial resolution of 5 µm can be achieved with matrix-assisted laser 

desorption ionization (MALDI) [7], but it requires sample preparation in application of a 

matrix and is typically limited to high mass molecules due to low mass interferences of 

that matrix.  This makes MALDI less than ideal for drugs and explosives which are 
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generally well under 1000 Da.  Secondary ion mass spectrometry (SIMS) provides 1 µm 

spatial resolution but is a hard ionization source used to obtain elemental and 

fragmentation information [8].  The resulting convoluted spectra can be especially 

problematic for trace or ultra-trace analyses.  Desorption electrospray ionization – mass 

spectrometry (DESI-MS) has also been used for imaging, but it is limited by its hundreds 

of microns spatial resolution [9].  Most importantly, imaging suffers from a lack of 

chromatographic separation, meaning isobaric or metabolic interferences cannot be 

separated from the analytes.  With that in mind, a potentially bright path for success lies 

in extraction or physical separation of the analyte prior to analysis. 

Many methods capable of direct sampling have been developed for trace analysis 

of drugs and/or energetic materials [10, 11]. Ion mobility spectrometry is perhaps the most 

commonly used for this application in field analyses of explosives [12-15] but has also 

been used for analyses of illicit drugs [15].  Research on ambient ionization mass 

spectrometry techniques has increased tremendously to better facilitate direct sample 

analysis without thermal desorption or gas phase sampling. Such methods can be 

extremely high-throughput by not requiring any sample preparation while also managing 

to be sensitive enough for trace amounts of sample. 

Ambient ionization also lends itself particularly well to direct inject sample 

introduction. Direct inject or direct infusion refers to sample introduction in as few 

preparation steps as possible, typically either simple dilution or solvation in an 

electrospray-amenable solvent.  It’s a very attractive option for forensic evidence as it 

provides rapid analysis and high sensitivity with significantly reduced sample preparation. 

High throughput fingerprinting is often conducted using direct inject techniques [16, 17]. 
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  Among the most popular of these methods are DESI-MS [18, 19], direct analysis 

in real time – mass spectrometry (DART-MS) [10, 20-26], and paper spray – mass 

spectrometry [18, 27-33].  All of these techniques feature rapid analysis and reduced 

sample preparation, but the reduced sample preparation comes with its own limitations.  

DESI-MS and DART-MS both sample via swabs, dipped probes, or placing the sample 

directly inbetween the source and the mass spectrometer; this means that unless the 

sample is completely homogeneous, matrix effects are bound to interfere and convolute 

spectra.  Paper spray analyzes liquids dropped on the paper sampling area, but requires 

solvation and other sample preparation to analyze solids.  Atmospheric pressure chemical 

ionization (APCI-MS), laser electrospray – mass spectrometry (LEMS), and atmospheric 

sampling glow discharge ionization – mass spectrometry, However, they all trade 

specificity for high-throughput [34], decreasing analyte signal intensity as a result of 

increased background contamination.  Direct inject techniques often suffer from matrix 

effects such as ion suppression [35], and the dynamic range of the instruments can be 

negatively affected by analyte mixtures [36].  Using selected ion monitoring or other 

species-selective MS/MS techniques can potentially eliminate or at least significantly 

reduce background noise by specifically filtering for the ion of interest, though they can 

still be susceptible to ion suppression without proper sample treatment.  Chromatographic 

separations or more extensive sample preparation (e.g., solid or liquid phase extraction) 

can be used to mitigate the pitfalls of direct inject techniques, but these options tend to 

extend analysis time and risk sample loss. 

The primary issues that arise with other sampling methods, specifically matrix 

effects and sample destruction, can be successfully alleviated with direct analyte-probed 
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nanoextraction (DAPNe) [37-39].  DAPNe uses a glass capillary filled with solvent 

mounted to a microscope stage to selectively isolate particles of interest from virtually any 

substrate.  With fine spatial resolution of 5 nm and a capillary tip opening of 1 µm, 

extraction and analysis of trace particles can easily be achieved.  Traditionally coupled to 

nanospray ionization-mass spectrometry (NSI-MS), this technique has displayed its value 

in trace analysis with extraction of illicit drugs from fibers [38], electrostatic lifts [39], and 

within fingerprints [37].  DAPNe-NSI-MS and DAPNe-DART-MS have also successfully 

extracted and identified explosive residues from a variety of substrates [40, 41] as well as 

characterized and dated ink from documents [42, 43]. 
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CHAPTER 2  

INSTRUMENTATION 

 Materials 

The solvent mixture utilized in both NSI-MS and electrospray ionization-mass 

spectrometry (ESI-MS) for the dissolution and extraction of samples was a 1:1(v/v) 

solution of Optima LC/MS methanol (Fisher Scientific, Fair Lawn, NJ), Millipore water 

(Millipore, Billerica, MA), and 1% glacial acetic acid (Malinkrodt Chemical Co., 

Phillipsburg, NJ).  The method was validated using 0.0025g of caffeine (Alfa Aesar, Ward 

Hill, MA).  Samples of powder cocaine (0.0069g), 3,4-methylenedioxymethamphetamine 

(ecstasy; 0.0011g), crystal methamphetamine (meth; 0.0052g), and black tar heroin 

(BTH; 0.0009g) were provided by the University of North Texas Police Department 

(Denton, TX).  All surfaces from which analyses were performed were first cleaned with 

ACS grade methanol (EMD Chemicals, Gibbstown, NJ) to ensure no outside 

contamination. The fingerprint cast for the friction ridge impressions was made using 

Mikrosil silicone casting material (Evident Crime Scene Products, Union Hall, VA).  Red 

fluorescent fingerprint powder (Lynn Peavey Company, Lenexa, KS) was utilized in the 

development of the fingerprint impressions.  Canola oil (ConAgra Foods, Inc, Omaha, 

NE) was used to mimic natural secretions from the glands of a human finger.  The soil, 

taken from a garden, was mixed in with the drug sample prior to the fingerprint 

impressions for matrix effect analysis. The nanomanipulator (Zyvex, Richardson, TX) -

coupled to a Multi-Zoom AZ100 microscope (Nikon, Melville, NY) along with a PE2000b 

four-channel pressure injector (MicroData Instrument Inc., S. Plainfield, NJ) was used for 

extraction of the analytes.  Doped impressions were lifted from a counter top via use of a 
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Pathfinder electrostatic lifter (CSI Equipment, Sands, Burlin). The mass spectrometric 

analysis was performed on a TSQ 7000 (Thermo Finnigan, San Jose, CA) equipped with 

a nanospray ionization source (Proxeon Biosystems, Odense, Denmark) and 

electrospray ionization source.  The TE2000U inverted microscope (Nikon, Melville, NJ) 

was used for UV fluorescence imaging on the fingerprint samples.  Raman spectroscopic 

studies were carried out on a T64000 (Jobin Yvon, Cedex, France) -coupled with a 

Coherent Innova 90 argon ion laser (Laser Innovations, Santa Paula, CA) set at 488 nm 

for excitation. 

Mass Spectrometry Instrumentation 

Ever since the Manhattan Project in the 1940s, mass spectrometry instrumentation 

has been a continuously growing field of research and development.  A drive to attain 

better sensitivity and higher resolution has led to the creation and improvement of a 

multitude of mass analyzers throughout the decades.  Between development of the time 

of flight (TOF) and ion cyclotron resonance (ICR) [44] in the 1940s and 1950s to ion traps 

and quadrupoles most commonly used today, mass spectrometry has been an 

established staple for organic analysis since the 1960s. Additionally, gas 

chromatography – mass spectrometry has become the gold standard instrumentation in 

forensic laboratories since its creation in the 1950s by Mclafferty and Gohlke [45]. 

 In order to analyze a more diverse collection of samples, many sample 

introduction and ionization sources have been developed.  Most notably, ‘soft’ ionization 

techniques (e.g., electrospray ionization and matrix-assisted laser desorption ionization) 

were firmly established by the 1980s to facilitate biological sampling of molecules 

previously too large and involatile for gas phase analysis [46].  More recently, other 
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ambient techniques such as desorption electrospray ionization (DESI) [47] and direct 

analysis in real time (DART) [48] have been developed to decrease sample preparation 

and increase throughput.  Of the more “recent” ionization techniques, electrospray 

ionization (ESI) and DART have been widely used in research regarding forensic analysis 

and detection [13, 22, 49, 50].  This chapter describes the mass analyzers, ionization 

types, and surface characterization techniques used throughout the course of this 

research. 

2.2.1 Mass Analyzers 

2.2.1.1 Quadrupole 

Developed in the 1950s by Wolfgang Paul [51], the linear quadrupole uses a set 

of four metal rods (hyperbolic or circular cross section) in a parallel arrangement.  A 

quadrupolar electric field, created by direct current and radio frequency potentials applied 

to opposing rods, separates ions before they reach the detector.  These potentials can 

be manipulated [ref March and Todd] to scan across a mass range to allow all mass-to-

charge ratios in that range to reach the detector; alternatively, one mass-to-charge ratio 

can be isolated for detection or further analysis via tandem mass spectrometry (described 

later in this chapter).  The quadrupole is primarily used for analysis of low-mass molecules 

with a mass range limited to m/z 4000.  Quadrupole mass analyzers have limited 

resolution (1 amu, or unit resolution), but they also provide high sensitivity and ion 

transmission.   

2.2.1.2 Quadrupole Ion Trap 

Also developed by Wolfgang Paul [51], the quadrupole ion trap (QIT) consists of 

three electrodes: two end-cap electrodes and one center ring electrode.  The QIT stores 
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and ejects ions to the detector based on the rf amplitude applied to the ring electrode (the 

end-caps are grounded).  The ions in the ion trap are kinetically cooled by a damping gas 

(usually helium) to improve resolution and sensitivity [52].  Despite high efficiency and 

sensitivity, the QIT has a more limited dynamic range due to space-effects induced by too 

much sample in the trap.  Modern instruments implement automatic gain control (AGC) 

to limit the number of ions allowed in the trap to avoid space-charge effects, but this tends 

to impinge upon accurate quantitation, particularly of low concentration analytes of 

interest in the presence of high concentration background ions.  Thus, QIT analyzers are 

commonly used in conjunction with separation techniques (e.g., gas chromatography or 

liquid chromatography).  Like quadrupoles, the mass range of QIT mass analyzers is 

typically below m/z 4000. 

2.2.1.3 TOF 

The time-of-flight mass analyzer separates ions by pulsing them into a field free 

tube at a known kinetic energy.  By imparting the same kinetic energy to all ions 

introduced in a single, tight ion packet, the species of different masses will have different 

velocities.  In this way, smaller ions travel faster than larger ions, thus reaching the 

detector first.  TOF instruments use pulsed ion sources (e.g., MALDI) or pulsed 

acceleration of a continuous source in order to accurately control injection timing.  TOF 

mass analyzers benefit from having no upper m/z limit and higher resolution in 

comparison to the quadrupole and QIT, though the resolution improvements decrease as 

the mass-to-charge of the ion approaches the resolving power of the instrument.  For the 

forensic applications featured here, however, this is a moot point as typical illicit drug and 

explosive analytes are well under m/z 1000. 
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2.2.1.4 Tandem Mass Spectrometry 

Tandem mass spectrometry, commonly notated MS/MS or MS2, uses 

fragmentation to elucidate structural information of an ion.  The ion of interest, called the 

parent or precursor ion, is mass selected in the first stage of MS/MS.  Fragmentation of 

the parent ion in the collision region and analysis of its fragment, or daughter, ions in a 

final mass analysis stage follow the isolation of the parent ion. 

 

Figure 5. Schematic of product ion mode in which a parent ion (red circles) is selectively 
fragmented into daughter ions (tan and brown) which are then mass analyzed and 
detected. 

There are four modes by which this process can occur:  precursor, product, neutral 

loss, and selected reaction monitoring (SRM).  In precursor ion mode, the first stage 

allows all ions in the mass range into the collision region, and the ion of interest will be 

detected in the second mass analysis stage if the pre-selected ion is present after 

fragmentation.  In contrast, the mass of the parent ion of interest is selected in product 

ion mode (Figure 5).  Only the parent ion is then allowed into the collision region, where 

they undergo fragmentation and subsequent analysis over a specific m/z range.  Neutral 

loss scan mode analyzes the parent ion in the first mass selection stage while the second 

mass analysis stage is set to simultaneously detect a specific mass correlating to the loss 

of a neutral species from that parent molecule.  Finally, SRM is comparable to product 
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ion mode in that the parent ion is selected in the first mass analysis stage; however, the 

second mass analysis stage is set to look for a known daughter ion rather than scan 

across a mass range.  When this process is performed for multiple parent-product ion 

pairs, it is called multiple reaction monitoring (MRM). 

There are many methods used to induce fragmentation using ion activation or 

dissociation.  Activation methods can include collision-induced/activated dissociation, in-

source decay, post-source decay, surface-induced dissociation, electron capture/transfer 

dissociation, and photodissociation [ref].  Collision-induced dissociation (CID) is the most 

common of these fragmentation techniques and will be discussed in further detail as it 

was used throughout the research presented here.  

Ions fragmented by CID are imparted with higher kinetic energy between the first 

mass analysis stage and the collision stage where they collide with inert gas molecules.  

Heavier inert gases such as nitrogen or argon are primarily used for low mass molecules 

[ref] such as those analyzed throughout this research.  When the collisions occur, kinetic 

energy is converted to enough internal energy to break covalent bonds in the molecule.  

Fragmentation in this fashion usually occurs at the most substituted point of the molecule 

and thus can easily be used for structural elucidation of molecules.   

MS/MS can be accomplished using tandem instruments such as a triple 

quadrupole (QqQ) mass spectrometer or trapping instruments such as the QIT.  Triple 

quadrupoles, as the name implies, consist of three tandem quadrupoles in which the three 

stages of MS/MS occur:  the first mass analysis stage occurs in Q1, collision occurs in 

Q2 (referred to as the collision cell), and the second mass analysis stage occurs in Q3.  

The collision cell is filled with the inert collision gas and a voltage is applied to the entrance 
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to facilitate collisions.  In contrast, QITs isolate and fragment all within the trap itself, which 

is also filled with the inert gas.  The QIT can then eject the daughter ions to the detector 

across a mass range (or designated m/z) or trap daughter ions for further fragmentation 

(MSn where n = number of fragmentation cycles).   

2.2.2 Ionization Sources 

2.2.2.1 Electrospray ionization 

In the late 1960s, Malcolm Dole proposed the idea of electrospray ionization as an 

ambient pressure method to get single macromolecule ions into the gas phase [53].  In 

1985, John Fenn coupled this idea to the analysis of these ions via mass spectrometry 

[54] and successfully analyzed biomolecules up to 76, 000 Da (conalbumin from a chicken 

egg) using electrospray ionization – mass spectrometry [55]. Electrospray ionization uses 

a liquid sample with the analyte typically dissolved in a polar solvent (methanol, 

acetonitrile, dichloromethane, etc.) and an ionizing agent or proton source (acetic acid, 

ammonium acetate, etc.).  The liquid sample is introduced through a fused silica capillary 

surrounded by a stainless steel housing to which a charge (± 2-4.5 kV) is applied.  

Depending on the polarity of the applied charge, either positive or negative ions will tend 

to stay in the fused silica (e.g., negative ions attract to a positively charged environment), 

and the ions with the opposite charge will leave the tip of the capillary in a Taylor cone.  

The Taylor cone results from the surface tension of the charged sample and eventually 

sprays outward towards a stainless steel heated capillary [56].  Between these areas, 

large charged droplets containing multiple charged ions begin to shrink due to dissolving 

solvent as they travel across a pressure gradient into vacuum (Figure 6).  Eventually, the 

droplets get small enough that the charge repulsion within the droplet overcomes the 
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surface tension, resulting in an event called Coulombic fission which occurs until the 

droplet is very small and contains only a few charged ions.  Once these small droplets 

are formed, there are two schools of thought as to how the single ions are released.  The 

Ion Evaporation Model, created by Iribarne and Thomson, proposes that gas phase ions 

form directly from the small charged droplet as field strength influence increases as 

surface area decreases [57].   

Figure 6. An illustration of the ionization mechanism for electrospray ionization. 

The Charge Residue Model provided by Röllgen et al. proposes that the small 

droplets continue to undergo Coulombic fission until eventually only single ions remain 

[58].  Fenn tends towards the Iribarne-Thompson model [59], though neither theory has 

been definitively proven. 

2.2.2.2 Nanoelectrospray 

Nanoelectrospray (NSI, also sometimes referred to as “nanospray”) was 

developed in the 1990s by Wilm and Mann [60, 61].  While the droplet fission processes 

are the same as those in ESI, there are notable differences between the two.  Where ESI 

utilizes µL/min forced flow rates from an external pump, NSI uses more on the scale of ~ 

20 nL/min with no external pump.  Additionally, the exit orifice from the NSI source is 
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significantly smaller than that of ESI.  The significantly reduced flow rate and needle size 

result in smaller initial charged droplets with higher charge states that decompose much 

more quickly than in ESI.  Because the droplets are already highly concentrated, 

concentration increases as a result of droplet fission are more or less insignificant.  This 

makes NSI more amenable to higher salt loads than ESI which tends to suffer immensely 

from cluster ion formations in such conditions [62].  

2.2.2.3 DART 

Direct analysis in real time (DART) is an ambient ionization technique developed 

in 2005 by Cody et al [48].  The primary benefit of DART lies in significantly decreased, if 

not completely eliminated, sample preparation.  DART uses a glow discharge created by 

flowing helium or nitrogen into a discharge chamber that contains an anode and a 

cathode.  A plasma consisting of ions, electrons, and excited-state species is created by 

applying an electrical potential (several kV). An electrode in the next chamber can be 

used to remove background ions from the gas stream prior to a third region which can be 

heated immediately prior to sample introduction.  Metastable helium or nitrogen atoms 

created facilitate ionization of analytes (generally below 1000 Da) placed in the gas flow 

as it leaves the discharge chamber.  Though the ionization mechanism depends on the 

carrier gas and concentration of the analyte, proton transfer is the primary positive-ion 

formation mechanism and reactions of oxygen/water cluster ions dominate negative-ion 

formation.  

In forensic terms, simply being able to desorb the analyte from evidence without 

having to perform extraction procedures (washes, digestions, etc.) not only preserves the 

integrity of the evidence but also saves analysts’ time and laboratories’ money.  As such, 

DART-MS has been extensively used for a variety of forensic applications including, but 
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not limited to, analysis of drugs [20, 22, 23, 31, 37, 63], explosives [10, 25, 33, 64], sexual 

assault evidence [50]. 

Surface Characterization 

2.3.1 Raman Spectroscopy 

Raman spectroscopy utilizes the way a molecule scatters light in order to 

determine its vibrational or rotational modes.  A laser is used to induce scattering of light 

by interacting with the electrons and bonds of the sample so that a change in polarizability 

is observed, providing a molecular footprint for a given analyte.  These interactions create 

three different types of light scattering:  Stokes, anti-Stokes, and Rayleigh (Figure 7). 

Figure 7. Diagram of types of scattering induced via laser excitation in Raman 
spectroscopy. 
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Most photon scattering events are elastic, referred to in Raman experiments as 

Rayleigh scattering, meaning the scattered photon and the incident photon have the same 

energy.  Inelastic scattering events also occur a small fraction of the time, however, and 

those scattered photons have different energies than the incident photons.  These 

inelastic scattering events are observed in two ways in Raman spectroscopy:  Stokes 

scattering and anti-Stokes scattering.  At room temperature, most of the analyte 

molecules are in the ground state.  When the scattered photons from a ground state 

molecule have a lower energy than that of the incident photon, Stokes scattering is 

observed.  A small fraction of analyte molecules are at a vibrationally excited state at 

room temperature can induce the same type of phenomenon, but the molecule relaxes 

back to the ground state, meaning the scattered photon has higher energy than that of 

the incident photon.  Because the room temperature population of vibrationally excited 

analyte molecules is so small, Stokes scattering is typically the only type observed in 

Raman experiments.  

2.3.2 Direct analyte-probed nanoextraction 

Direct analyte-probed nanoextraction (DAPNe) utilizes a 2- or 4-positioner 

nanomanipulator mounted to the stage of a microscope (Figure 8).  Positioners can either 

be equipped with electrical leads which allow them to probe electrochemical properties of 

samples or control microgrippers for sample manipulation, or they can be coupled to a 

pressure injector to facilitate the evacuation and filling of glass capillaries (typically 1-4 

µm i.d. at the tip).  The piezoelectric positioners have a coarse and fine mode to modify 

the range of motion and the spatial resolution and are controlled by a joystick with 3-axis 

motion.  In coarse mode, range of motion is 12 mm in the X- and Z-axes and 28 mm in 
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the Y-axis with 100 nm translational resolution.  Fine mode provides 5 nm translational 

resolution across 100 µm range of motion in the X- and Z-axes and 10 µm in the Y-axis, 

allowing maximum control in landing the capillary tip on a sample for probing or extraction 

from the substrate.   

In order to couple DAPNe to NSI-MS, the glass capillaries are coated with a Pd/Au 

alloy to provide conductivity of the nanospray voltage for ionization.  The capillary is filled 

with a suitable electrospray-amenable solvent which is injected onto a particle of interest 

and aspirated back into the capillary after solvation of the particle.  The capillary can then 

be transferred to the NSI source for mass analysis.  Increased selectivity and sensitivity 

are achieved with this technique over other ambient ionization sampling methods by 

solvating only the particle of interest and physically avoiding most, if not all, potential 

matrix interferences from the substrate.  DAPNe-NSI-MS has achieved limits of detection 

as low as 300 attograms for caffeine [38].  
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Figure 8. Schematic of the nanomanipulator.  It is mounted via a grooved rail to allow 
the positioners to be rotated about the sample.* 

                                            
* Figure adapted from Figure 1 from Clemons, K.; Dake, J.; Sisco, E.; Verbeck, G.F. Forensic 

Science International, (2013) 231 98-101.  Reproduced with permission from Elsevier. 
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CHAPTER 3 

DIRECT ANALYTE PROBED NANOEXTRACTION (DAPNE)- COUPLED TO 

NANOSPRAY IONIZATION-MASS SPECTROMETRY OF DRUG RESIDUES FROM 

LATENT FINGERPRINTS† 

Introduction 

The extraction of chemical information from latent fingerprints is of significant value 

in a forensic investigation.  Identification of chemical profiles from print residues can aid 

in the connection of an individual to a particular location in a forensic case [65, 66].  

However, the ability to retrieve and analyze such information can be a difficult task due 

to the amount of analyte present on an individual print.  Matrix effects, background 

contamination, and sample preparation all affect the ability to detect trace residues [67].  

It is these issues that have led to the development of new techniques and instrumentation. 

Current techniques in the analysis of latent fingerprints can be divided into two 

general categories: destructive and non-destructive techniques.  GC/MS has yielded 

excellent results in the chemical analysis of drug residues from latent prints [68]. 

However, upon completion of the GC/MS analysis, the print residues (forensic evidence) 

are completely destroyed.  In addition to GC/MS, LC/MS has also been used for drug 

identification from biometrics [69].  LC/MS provided limits of detection of 1.5-30 pg in the 

analysis of lorazepam, methadone, and their primary metabolites present in the 

sebaceous secretions of latent prints [70-72].  However, GC/MS and LC/MS both require 

partial or complete destruction of the latent print as well as extensive sample preparation. 

† Parts of this chapter have been previously published, either in part or in full, from Clemons, K.; 
Wiley, R.; Fox, J.; Dziekonski, E.; Verbeck, G.F. Journal of Forensic Science, (2013) 58:4 875-880.  
Reproduced with permission from John Wiley and Sons. 
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The Cooks’ research group has had much success using desorption electrospray 

ionization-mass spectrometry in the analysis of drug residues [73] and energetic 

compounds [74, 75] directly from prints on ambient surfaces. Prints that have been 

analyzed by DESI-MS would not be of further use to fingerprint examiners due to these 

blemishes left on the print after analysis.   

Alternatively, there are a number of non-destructive methods of analysis allowing 

for the latent prints to remain intact.  Perhaps the simplest of these methods is the dusting 

of prints with magnetic particles.  This process has been used not only to develop prints 

but also has aided in the identification and fluorescence of nicotine and its metabolites 

[76, 77].  Similar to aforementioned experiments, a magnetic dusting agent with antibody-

functionalized particles was used to develop prints and identify cocaine and heroin via 

fluorescence and bright field microscopy [78].   

Spectroscopy has also been used for ultra-trace analyses (which benefit from the 

nondestructive nature of such methods).  Chemical imaging of trace residues from 

fingerprints has been implemented in the identification of analytes through the use of 

infrared spectromicroscopy [79].  IR microscopy was implemented in the full chemical 

imaging of prints through the analysis of secreted proteins [80] and drugs [81].  Surface-

enhanced Raman spectroscopy (SERS), a counterpart to IR, has been utilized in many 

trace evidence applications.  This method has accomplished the detection of ingredients 

used in the production of ecstasy [82], the analysis of cocaine residues found on human 

nails [83], and the analysis of other exogenous and/or illicit substances [84-88].  Surface-

enhanced Raman has also been used for chemical imaging of fingerprints doped with 

acetominophen [89] and to identify illicit drugs transferred to a gold-coated Mylar® film 
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[90].  Quantitative analysis of cocaine mixtures has been performed with Raman 

spectroscopy using near-infrared excitation and subsequent principal component 

analysis [91].  This method is capable of detection limits in the low ng/mL range; however, 

it relies on extensive sample preparation to achieve the SERS effect [92].  

DAPNe-NSI-MS is an instrumental technique that provides a straight-forward, 

efficient approach to analyze samples present in minuscule amounts.  The instrumental 

procedure, described in detail below, implements single crystal extraction while still 

providing ample signal for analyte detection.  DAPNe-NSI-MS eliminates the need for 

preconcentration of the analyte, thus allowing for immediate analysis.  This technique 

reduces matrix effects due to its high selectivity at the surface and its low micrometer 

spatial resolution (enabled by bright field microscopy).  DAPNe-NSI-MS is minimally 

destructive and proves to be an exceptional approach in the identification of analytes in 

latent fingermarks in ultra-trace quantities. 

Methods 

Utilizing a finger cast, fingerprint impressions were made on glass microscope 

slides, a laboratory counter top, various metal and plastic surfaces, and PC board.  The 

cast was created to avoid the potential absorption of illicit drug residues into the skin of a 

human finger.  Canola oil was applied on the cast to imitate oil secretion.  Prior work has 

shown that the diacylglycerides, triacylglycerides, and free fatty acids found in canola oil 

are suitable representatives of sebaceous oils [93, 94].  A drug/soil mixture was used in 

drug analyses to examine potential complex matrix effects.  Human fingerprints were 

placed on glass slides doped with caffeine in order to assess the effect of 

nanomanipulation on the integrity of the fingerprint.  Additional caffeine doped slides were 
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used to ensure that canola oil was a suitable sebaceous oil substitute - one slide was 

coated in sudoriferous secretions (sweat), and the other slide was coated primarily in 

sebaceous oil.  The drug-doped fingerprint impressions underwent multiple analyses 

including Raman spectroscopy, DAPNe-NSI-MS, and ESI-MS.  Background spectra of 

the fingerprint powder, cooking oil, and soil were collected via ESI-MS to elucidate any 

matrix effect on the analysis of the drug spectra. All analyses were performed in triplicate 

to verify reproducibility. 

3.2.1 Casting of a fingerprint 

Silicone casting material was used to produce a cast of a hand that was flexible in 

form. The casting material was extruded and applied to a human hand.  After the casting 

was allowed to dry, it was peeled back from the wrist to the fingers slowly in order to retain 

the form of the whole hand.  In order to prevent mixing and hardening of the second 

casting, canola oil was misted into the interior of the finger portion of the original cast.  

The second casting was extruded into the cavity of two of the fingers from the casted 

hand and allowed to dry completely.  The fingerprint casts were removed carefully by 

pulling back the original casts. The finger cast is shown in Figure 9. 

 

Figure 9. Photograph of the casted finger used to generate prints (a), and microscope 
image of the ridge detail (b). 
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3.2.2 Fingerprint Impressions 

Canola oil was applied to the surface of the finger cast to imitate the natural 

secretions from sebaceous glands of the finger.  The fingerprint cast was then impressed 

onto 2.0005 g of a drug/soil mixture. The mixture contained 0.0005 g of drug analyte and 

2.0 g of soil. After transfer of the drug mixture to the cast, the cast was pressed onto a 

surface for analysis. The drug-doped print was then developed with red fluorescent 

fingerprint powder or electrostactically lifted and further analyzed. 

3.2.3 Raman Spectroscopic Analysis 

 Fingerprint-impressed slides containing drug residues were analyzed via Raman 

spectroscopy for qualitative studies.  The T64000 Groupe Horiba (equipped with a factory 

built stereomicroscope) was utilized to obtain spectra of specific drug analytes.  Each 

fingerprint-impressed slide was viewed under a 100x objective, and excitation for the 

Raman analysis was performed with an argon ion laser set at 488 nm.  The accumulated 

spectra were an average of ten 5-second exposures. 

3.2.4 DAPNe-NSI-MS Analysis 

Following Raman analysis, the fingerprint-impressed slides were placed under a 

Multi-Zoom AZ100 microscope utilizing an AZ Plan Fluor 2x objective lens.  Image 

capturing was possible through use of a CCD camera coupled to the microscope and to 

NIS Elements software.  The nanomanipulator stage (containing four nanopositioners) 

was mounted to the microscope stage.  The positioners were controlled in two different 

modes, coarse and fine.  The range of motion varied according to the mode of 

manipulation.  In the coarse mode of operation, the range of motion was 12 mm in the X 

and Z-axes, and 28 mm in the Y-axis along with a translational resolution of 100 nm.  In 
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fine mode, the range of motion was 100 µm in the X and Z-axes, and 10 µm in the Y-axis.  

The drug analytes were manipulated in coarse mode through the use of PicoTip 

EMITTER nanospray capillary tips (New Objective, Woburn, MA) coated with platinum.  

The PE2000b pressure injector connected to the nanomanipulator provided the pressure 

required for the injection/extraction process via the nanospray capillary tips. 

The analyte injection/extraction process was carried out with 10 µL of solvent 

mixture (previously described in the materials section) loaded into the nanospray capillary 

tips.  After the analytes were located in the fingerprint impression, the nanospray capillary 

tip was positioned near the desired particle of interest (approximately 1 µm from the 

particle).  Injection of the solvent mixture was performed at a pressure of 19 psi.  After 5 

seconds of dissolution, the solvent/analyte solution was aspirated into the nanospray 

capillary tip at a pressure of 56 psi.  The nanospray capillary tip was then transferred to 

the nanospray ionization source.  An ionization voltage of 2.0 kV was applied for analysis 

on the mass spectrometer in the positive mode, and the inlet temperature of the mass 

spectrometer was set at 250⁰C. 

3.2.5 ESI-MS Analysis 

After DAPNe of drug residues, electrostatic lifting was carried out on the 

impressions made on the counter top. The lift was washed with 1 mL of the solvent 

mixture, centrifuged for one minute to allow for the separation of the dissolved analyte 

from undissolved solid impurities, and analyzed by ESI-MS.  An ionization voltage of 4.5 

kV was applied with a constant flow of sample at 10 µL/min, N2 carrier gas at 50 psi, and 

an inlet temperature of 250⁰C.  Again, each sample was run in the positive mode.  

Background spectra were collected on the red fluorescent fingerprint powder, the canola 
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oil, and the soil.  A 1 mg/mL sample was prepared from the powder and further diluted 

1:10 in the solvent mixture.  The fingerprint cast was doped with only canola oil, impressed 

onto a slide, and washed with 1 mL of the solvent mixture.  This was also further diluted 

1:10 in solvent mixture.  A similar wash was performed on a slide doped with a soil 

sample.  The wash solution was centrifuged for 1 minute to separate undissolved 

impurities and then further diluted 1:10 in solvent.  These solutions were analyzed via 

ESI-MS.  Both caffeine slides coated in gland secretions were submitted to a wash with 

1 mL of solvent solution and diluted 1:10 as well.  ESI-MS was also performed on these 

solutions.  All ESI-MS analyses were collected using the same instrument parameters. 

 Results  

The fingerprint casting process provided the friction ridge detail necessary to 

execute the experiment.  Although the impressions were not flawless, sufficient detail was 

replicated in order to closely represent the natural ridge details of a finger.  Figure 10a 

displays the image of the casted fingerprint with friction ridge detail, which is magnified in 

Figure 10b. 

  

Figure 10. Microscope image postextraction (a), a photograph of a fingerprint developed 
with black powder postextraction (b). 
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Figure 10 shows two views of a glass slide with a fingerprint doped with caffeine. 

In Figure 10a, an extraction area from the slide is shown under the Nikon AZ100 

microscope.  This spot radius measured 3.1 µm.  In Figure 10b, a picture of the largest 

extraction area (r = 8.4 µm) is shown to illustrate the ridge detail that can still be clearly 

seen after the extraction process.  The solvent used for all drug analyses does not 

dissolve sebaceous oils during extraction.  This fingerprint was submitted to a fingerprint 

examiner at the Denton County Sherriff’s Office, where it was determined that no 

irreparable damage had been done to the print. 
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Figure 11. Mass spectra of caffeine using ESI-MS from glass slides chiefly coated in 
sudoriferous secretions (a) and sebaceous secretions (b). 
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Figure 11 shows spectra of wash solutions from caffeine-doped glass slides coated 

in sudoriferous (Figure 11a) and sebaceous (Figure 11b) secretions.  In Figure 11a, the 

mass peak (m/z 194) as well as ionic adducts [M + Na+] (m/z 216) and [M+K+] (m/z 234) 

can be clearly seen and identified.  Figure 11b shows only the mass peak of caffeine 

obtained from a wash of the glass slide coated in human sebaceous oil.  No spectral 

interference was caused as the primary constituents of sebaceous oils are not soluble in 

the solvent mixture used for all analyses.  This is consistent with the ridge detail still 

present in Figure 10b.  The presence of salt adducts seems to be the only effect caused 

by the oil or sweat matrices. 

The identification of the powder cocaine, ecstasy, caffeine, and crystal meth was 

first validated via Raman spectroscopy.  Figure 12 shows the typical Raman spectra for 

the drug residues on the slides.  For instance, in Figure 12c, though the signal/noise ratio 

is low, caffeine peaks at 557 and 1329 cm-1 and a characteristic three peak cluster from 

1600-1700 cm-1 are still identifiable [95].   



43 

 

 

Figure 12. Raman spectra of powder cocaine (a), ecstasy (b), caffeine (c), and crystal 
meth (d).  
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Figure 13. Image of a fingerprint doped with powder cocaine and developed with 
fluorescent red powder (a) and microscope image displaying visual differences between 
the fluorescent powder and cocaine particle (b). 

After the detection of the drug analytes on the fingerprint-impressed slides, 

DAPNe-NSI-MS was performed. Additionally, MS/MS analyses were performed to 

confirm the identity of the analytes, and characteristic fragmentation peaks were seen 

(data not shown). 

Figure 13a displays a fingerprint impression doped with powder cocaine and 

developed with red fluorescent powder.  As seen in Figure 13b, the powder cocaine 

particles can clearly be distinguished from the red fluorescent powder making it possible 

for DAPNe of the powder cocaine particle.  This was also the case for soil particles.  

DAPNe of drug particles was achieved via the use of the nanomanipulator. 
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Figure 14. Mass spectra of crystal meth using ESI-MS (a) and NSI-MS (b), and ecstasy 
using ESI-MS (a) and NSI-MS (b).  
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Figure 14 represents the mass spectra collected from ESI-MS and NSI-MS for 

ecstasy and crystal meth. Figure 14a and Figure 14b represent the ESI-MS and NSI-MS 

spectra for crystal meth (respectively), whereas Figure 14c and Figure 14d correspond to 

ecstasy. Figure 14 is a representative depiction of the expected results from the data 

collected for all of the drug samples. The spectra for the remaining drugs (BTH, caffeine, 

and cocaine) can be found in the Supplemental Information. Table 1 represents the 

percent ion count for the molecular ion peak as a function of the ion count for that peak 

against the total ion count. 

Table 1. Percent ion count for the molecular ion peak collected by ESI-MS and NSI-
MS for each drug sample. 

Discussion 

Raman spectra of the powder cocaine, ecstasy, caffeine, and crystal meth from 

the fingerprint impressions indicated the presence of the analytes, and the identities were 

confirmed via MS analyses.  Raman spectroscopy is a method that has showed much 

potential for coupling with DAPNe-NSI-MS in terms of providing supplemental verification 

Drug Sample 
NSI-MS: Percent ion count 
for the molecular ion (%) 

NSI-MS: Percent ion count 
for the molecular ion (%) 

Ecstasy 49.22% 1.95% 

Crystal Meth 47.32% 1.21% 

Caffeine 50.08% 4.99% 

Black Tar Heroin 32.43% 17.42% 

Cocaine 53.44% 7.88% 



47 

of analytes.  Given the absence of a need for extensive sample preparation and the non-

destructive nature of the analysis, Raman spectroscopy can be effectively used as a quick 

screening technique to help expedite the nanoextraction of the residues for mass spectral 

analysis. 

DAPNe-NSI-MS analysis of the doped impressions proved to be a valuable tool in 

the ultra-trace analysis of illicit drugs.  This technique provides a direct method of analysis 

by eliminating the need for sample preparation, and allows for lower limits of detection. 

All NSI-MS spectra confirmed the identity of the drug residues present on the fingerprint 

impressions.  ESI-MS and tandem MS/MS spectral data further confirmed the identity of 

the illicit drugs.  ESI-MS spectral data also showed that red fluorescent fingerprint powder, 

canola oil, and sebaceous oil displayed minute or no matrix interference with the detection 

of the drug analytes.  It was also shown by ESI-MS spectra that sebaceous oils are not 

dissolved by the solvent solution, and any salt adducts present due to the presence of 

sweat are easily identifiable.  However, the technique of washing and performing ESI-MS 

proved to be completely destructive to the fingerprint impression. After analysis of the 

percent ion count for the molecular ion, NSI-MS proved to be significantly more selective 

then the collected ESI-MS spectra. Based on these results, it was shown that DAPNe-

NSI-MS is a more efficient way of preserving the fingerprint impression, and achieving 

greater selectivity and sensitivity. 

Conclusion 

The application of DAPNe-NSI-MS towards the analysis of fingerprint residues 

exhibits a favorable approach to identifying illicit drug residues.  The adherence of these 

residues to material surfaces or friction ridge surfaces of the skin can be detected, and 
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analytes can be retrieved and analyzed in a direct manner.  Extractions can be performed 

without damaging the ridge detail in the latent fingerprint. 
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CHAPTER 4 

TRACE ANALYSIS OF ENERGETIC MATERIALS VIA DIRECT ANALYTE-PROBED 

NANOEXTRACTION COUPLED TO DIRECT ANALYSIS IN REAL TIME MASS 

SPECTROMETRY‡ 

Introduction 

As the use of improvised explosive devices (IEDs) grows, so does the need for a 

method to accurately identify the materials used in them, and, if possible, link the IED to 

a manufacturer. There is occasion for such a link in the event of explosive residue within 

a latent print left on a detonator or other surfaces at the scene. Positively identifying 

explosive residues without destroying the latent fingerprint would be the most ideal 

outcome, providing information regarding both the substance and potential person of 

interest. 

Techniques capable of analysis of explosive residues within a latent fingerprint 

often destroy the print – DESI-MS essentially electrosprays solvent onto a surface to 

facilitate desorption creating several aberrations in the print [9], and most sample 

recovery techniques (e.g., washes or swabs) would inherently smear or remove the print. 

DART-MS is an atmospheric ionization technique that may be performed either directly 

from the surface on which the sample is found [21] (within reasonable spatial 

considerations) or from a probe on which the sample has been deposited [25]. Using a 

helium or nitrogen glow discharge, analytes (generally below 1000 Da) placed in the 

‡ Parts of this chapter have been previously published, either in part or in full, from Clemons, K.; 
Dake, J.; Sisco, E.; Verbeck, G.F. Forensic Science International, (2013) 231 98-101.  Reproduced with 
permission from Elsevier. 
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beam are ionized via mechanisms previously described by Cody et al [48] and Song et al 

[96, 97]. 

Analyses of organic explosives directly from many surfaces including glass, 

asphalt shingle, polyurethane foam, wood and metal have typically yielded clean spectra 

[21]. However, lipids and inorganic salts are common components of latent fingerprints 

[28] and are easily detected via DART-MS [98]. This often creates complex spectra when 

determining trace analytes in latent prints; also, some analytes are either not detected or 

detected at very low intensities [25]. Therefore, a new method or alteration of current 

methods is desired to obtain both accurate trace analyses of explosives as well as 

maintenance of evidence. 

DAPNe-NSI-MS can mitigate the aforementioned specificity issues seen with other 

ambient techniques. Additionally, this method is minimally invasive and leaves latent 

fingerprints virtually unperturbed, allowing the prints to be preserved for identification 

purposes [37]. However, NSI-MS is not a common installment in forensic laboratories. 

DART-MS, on the other hand, has become quite popular in forensic mass 

spectrometry research in recent years [10, 20-23, 25, 26, 50, 63, 64, 99-106]. In this study, 

DAPNe is coupled to DART-MS to diminish the specificity concerns of this popular 

technique. With this pairing, explosives can be extracted from within latent fingerprints 

using DAPNe and analyzed directly via DART-MS. 

Trinitrotoluene (TNT) and RDX (cyclonite, hexogen) are commonly used organic 

explosives. The dye 1-(Methylamino)anthraquinone (MAAQ, Disperse Red 9) is 

commonly combined with explosives and position sensitive sensors in dye packs 

designed to mark the unauthorized removal of currency from a secure location [107]. All 
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three substances were extracted from glass slides and/or metal. MAAQ was also 

extracted from within fingerprints on a glass slide. All extractions were subsequently 

analyzed via DAPNe-DART-MS. 

 Experimental 

Methanol, acetone, and MAAQ were obtained from Sigma Aldrich Co. (St. Louis, 

MO). TNT and RDX were obtained from AccuStandard (New Haven, CT) as 1 mg/mL 

solutions in methanol. Extractions were performed with a 2-positioner nanomanipulator 

(DCG Labs, Richardson, TX) mounted on the stage of an Olympus BX40 bright field 

microscope (Olympus, Center Valley, PA). In contrast to DAPNe-NSI-MS [48, 96, 97], 

which utilized 1 µm i.d. platinum-coated nanospray tips, extractions were performed using 

4 µm i.d. uncoated capillary tips (New Objective, Woburn, MA). Aspiration of dissolved 

analytes into the capillary tip was facilitated by a PE2000b 4-channel pressure injector 

(MicroData Instruments Inc., S. Plainfield, NJ). A ~1 µg/µL drop of sample solution was 

deposited on the surface of interest. Prior to analysis, the solvent was evaporated, and 

the crystals formed on glass slides or metal. For extractions from within a fingerprint, a 

finger was slid over the analyte spot and then used to place a fingerprint on a second 

glass slide.   
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Figure 15. Schematic of an extraction with the nanomanipulator. The enlarged area 
shows the analyte particle in the solvent injected by the microsyringe. 
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The extraction solvent (~1.5 µL methanol) was injected onto the particle of interest 

using a microsyringe fitted into one of the nanopositioners adjacent to the capillary tip. 

Previous DAPNe experiments were performed by filling the capillary tip with solvent, using 

it to inject the solvent onto the analyte, and refilling the tip [48, 96, 97]. The microsyringe 

was used for injection of the solvent instead to avoid injecting too much solvent when 

trying to overcome the surface tension of the smaller diameter tip. This alteration allowed 

for a much more controlled extraction with an increased ability to target only the analyte 

of interest. The capillary tip was filled with the pressure injector using 9.8 psi of argon 

(Figure 15). The sample was then introduced into DART-MS by holding the capillary tip 

directly in the gas stream, and the solvent emitted from the tip via capillary action (Figure 

16).  

 

Figure 16. Schematic of the DART ionization source with the capillary tip post-extraction. 

Mass spectra were collected using a DART ion source (IonSense, Saugus, MA) 

and JMS-T100LC AccuTOF mass spectrometer (JEOL Inc., Peabody, MA). The DART-

MS used helium ionizing gas at a flow rate of 1.75 L/min, 600 V peaks voltage, and 2500 

V detector voltage. For TNT and RDX analyses, negative ion mode was employed with a 

needle voltage of -3000 V and a gas temperature of 225oC; acetone was also used as a 
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dopant to ensure ionization. MAAQ analyses required positive ion mode with a needle 

voltage of +3000 V and a gas temperature of 325oC; no dopant was employed. 

For each substance, 5 particles of varying diameters (<10 – 40 µm) were extracted 

individually. Particles of TNT and MAAQ were extracted from a metal surface. Extractions 

from glass slides were performed for TNT, RDX, and MAAQ. MAAQ particles were also 

extracted from a latent fingerprint on a glass slide. 
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Figure 17. Negative ion DART spectrum of a ~20 µm particle of TNT (227.13 Da) 
extracted from a metal surface.  
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Results and Discussion 

The extraction of a particle ~20 µm in diameter of TNT from metal and glass 

surfaces resulted in [M – H]- and [M]- ions at m/z 226 and 227 respectively (Figure 17). 

The extraction of an RDX particle of ~15 µm in diameter from a glass slide resulted 

in the [M+NO2]- ion at m/z 268 as the major peak (Figure 18). Both TNT and RDX can be 

successfully identified with a sample particle of 20 µm diameter or less with minimal matrix 

interference. 

Spectra of MAAQ extracted from a clean glass slide were compared to an 

extraction from within a latent fingerprint on a glass slide (Figure 19).  The similarity in the 

spectra allows the analyst to identify the presence of the dye without intrinsic damage to 

the fingerprint itself. Peaks at m/z 220, 223, and 238 represent [M-OH]+, [M-CH2]+, and 

[M+H]+. Extractions of MAAQ from within a latent fingerprint exhibited a decreased 

intensity when compared to those taken directly from a glass slide, however these spectra 

were not as complex as those previously published [25]. The m/z 220, 223, and 238 peaks 

are easily identifiable, showing the benefit of coupling DAPNe to DART-MS as opposed 

to analyzing directly from the fingerprint. Furthermore, this method allowed preservation 

of the latent fingerprint for further use. This had only previously been accomplished by 

performing a traditional adhesive lift of the fingerprint and subsequent analysis, which led 

to very low intensity or completely absent analyte peaks [25] 
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Figure 18. Negative ion DART spectrum of a ~20 µm particle of RDX (222.12 Da) 
extracted from a glass slide.  
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Figure 19. Positive ion DART spectra of MAAQ from a glass slide (a) and MAAQ from 
within a latent fingerprint on a glass slide (b). Calculated mass of MAAQ is 237.25 Da. 
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 Conclusion 

DAPNe-DART-MS provided at least similar if not superior results to DART-MS 

spectra previously shown for explosives from fingerprints [25]. Additionally, DAPNe-

DART-MS effectively eliminates many of the matrix interferences typically shown in DART 

spectra. DAPNe is a versatile extraction technique that has now displayed the capability 

to be used with two different ionization sources, NSI-MS and DART-MS. It can efficiently 

extract single particles without significant interference from matrix effects from surfaces 

or latent print constituents. Moreover, latent fingerprints may be preserved once 

extractions have been performed, providing a minimally invasive, highly informative 

technique for trace analysis of explosives. 
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CHAPTER 5 

SINGLE SOLVENT DEVELOPMENT FOR ANALYSIS OF ORGANIC AND INORGANIC 

EXPLOSIVE COMPONENTS VIA DAPNE-NSI-MS 

Introduction 

Perhaps the most pressing problem for many of the techniques currently used for 

explosives detection is the inability to simultaneously extract and analyze organics 

(nitroaromatics, peroxides) and inorganic oxidizing salts (nitrates, perchlorates, chlorates, 

etc.).  In general, different instrumental methods are used to analyze organic and 

inorganic constituents of explosives.  Ion mobility spectrometry ([12, 13], electrospray 

ionization – mass spectrometry (ESI-MS) [14, 108-110], liquid chromatography – mass 

spectrometry (LC-MS) [4], DESI-MS [29, 33], direct analysis in real time – mass 

spectrometry (DART-MS) [21, 25, 64], atmospheric pressure chemical ionization – mass 

spectrometry (APCI-MS) [29], atmospheric sampling glow discharge ionization – mass 

spectrometry [36], laser electrospray – mass spectrometry (LEMS) [111], gas 

chromatography – mass spectrometry (GC-MS) [5, 112], Raman spectroscopy [113-116], 

and infrared (IR) spectroscopy [116-119] have all been used to detect or identify organic 

explosives.  Inorganic explosives have been analyzed using a variety of techniques as 

well, including ion chromatography (IC) [120-124], capillary electrophoresis [125-130], 

LEMS [131], helium-plasma ionization – mass spectrometry (HePI-MS) [132] and ESI-

MS [133-135]. 

While these methods have had varying degrees of success in analyzing either 

organic or inorganic energetic materials, using two different techniques for identification 

is undesirable.  The most obvious problems arise when only single crystals or small 
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amounts of sample are available for analysis.  If the nature of the sample is not known, 

(organic or inorganic) there is no way to predict which technique to use without destroying 

sample on preliminary tests.  Second, there are many applications where the time of 

analysis is critical.  A single method greatly reduces time-to-analysis and expedites 

processing. 

In response to this problem, a few techniques have been developed with the ability 

to analyze both types of explosives.  The most popular of these methods involves column-

switching between liquid chromatography (LC) and ion chromatography (IC) [136, 137].  

LC/IC techniques require 2 independently controlled chromatographic systems, as well 

as two different detectors.  The primary drawback of this method lies in the limitation of 

an IC column to only separate anions or cations.  Xie et al. [136] analyzed cations using 

a methanesulfonic acid solvent, while Tyrrell et al. [137] analyzed anions using a 

potassium hydroxide solvent.  In both studies, organic analytes from the LC were 

observed with UV detection, while analytes from the IC were observed using a 

conductivity detector.  The lack of sensitivity with these detection methods render them 

less useful for trace analysis. 

Spectroscopic approaches such as Raman spectroscopy [138, 139] and laser 

induced breakdown spectroscopy (LIBS) [140] have also been employed for organic and 

inorganic explosives detection.  Raman spectroscopy methods for dual detection of 

organic and inorganic analytes require larger amounts of samples to create pellets (1g) 

[138] or cups (5 mg) [139], which is well above what is considered a trace amount.  LIBS 

can require extensive statistical analysis to differentiate signal from background noise, 

particularly if the sample and substrate have similar elemental compositions.  Also, as an 
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atomic emission technique, LIBS relies on comparison of atomic line intensity ratios of H, 

C, N, and O to spectral libraries or using algorithms such as Principal Component Analysis 

or Partial Least Squares Analysis [141]. 

Recent developments have led to mass spectrometric techniques for analyzing 

both types of explosive components. Laser electrospray – mass spectrometry (LEMS) 

[131], electrospray ionization – mass spectrometry (ESI-MS), and atmospheric pressure 

chemical ionization – mass spectrometry (APCI-MS) have been shown to concurrently 

detect organic explosives and oxidizing salts [135, 142]. While LEMS does detect both 

types of explosives, however, it produces highly complex spectra with significant 

background signal [131]. Previous ESI-MS and APCI-MS experiments utilized inorganic 

oxidizing anions adducted to organic explosives for detection as negative ions.  The 

cations of the inorganic oxidizing salts were not determined with these particular studies 

[135, 142]. These techniques, aside from not providing complete information on the 

analytes in question, also would require a wash or swab to be used for trace detection. 

This would create even more convoluted spectra in LEMS and decrease selectivity in 

ESI-MS and APCI-MS experiments. 

Direct analyte-probed nanoextraction-coupled nanospray ionization mass 

spectrometry (DAPNE-NSI-MS) offers a unique advantage by providing reduced matrix 

effects and the additional capability of tandem mass spectrometry (MS/MS). As such, this 

technique eliminates the need for chromatographic separations to differentiate the 

desired analyte from other contaminants because individual particles are specifically 

targeted and extracted. Additionally, a wide variety of solvent compositions can be 

exploited to further facilitate the solvation of a wider or narrower selection of substances. 
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This drastically improves background noise and is viable for any sample visible under the 

microscope. 

In this work, a solvent was developed to utilize ESI-MS to simultaneously detect 

both organic explosives and inorganic oxidizing salts.  The solvent was also tested with 

blind studies using DAPNe-NSI-MS.  Extractions of drugs and explosives have been 

performed from a variety of surfaces, including metal, plastic, glass, and cloth. 

Materials and Methods 

The inorganic salts and organic explosives analyzed include potassium 

perchlorate (Sigma-Aldrich, St. Louis, MO), sodium perchlorate (Sigma-Aldrich, St. Louis, 

MO), ammonium nitrate (J.T. Baker Inc., Phillipsburg, NJ), ammonium perchlorate 

(Sigma-Aldrich, St. Louis, MO), DNT, and PETN.  The organic explosives were 

synthesized via previously described methods [5, 143] and characterized via GC/MS to 

ensure presence of the desired products.  Solvents explored were mixtures of  Optima 

LC/MS grade methanol (Fisher Scientific, Fair Lawn, NJ), dextrose (Sigma-Aldrich, St. 

Louis, MO), 18 MΩ Millipore water (Millipore, Billerica, MA), glacial acetic acid 

(Mallinckrodt Chemical Co., Philipsburg, NJ), ammonium acetate (Sigma-Aldrich, St. 

Louis, MO), and acetonitrile (Sigma-Aldrich, St. Louis, MO). 

An Au/Pd-coated capillary is backfilled with an extraction solvent of 2:1 

acetonitrile/water (v/v) with 1% acetic acid and 0.1% dextrose. The capillary is 

maneuvered to the particle of interest by a four-position nanomanipulator developed in 

our group [37-39]mounted to the stage of a Nikon MultiZoom AZ100 microscope (Nikon, 

Melville, NY).  The solvent is then injected onto the particle using ~10 psi nitrogen gas via 

a PE2000b four-channel pressure injector (MicroData Instrument Inc., S. Plainfield, NJ).  
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Once the particle is dissolved, the solution is aspirated back into the capillary using ~25 

psi nitrogen gas, and the capillary is taken to the nanospray source for analysis. 

All ESI-MS and NSI-MS analyses were performed on an API-3000 (AB Sciex, 

Framingham, MA), utilizing both positive and negative modes of operation depending on 

the analytes being studied.  In ESI-MS experiments, a 500 µL syringe was used to 

introduce the sample at 10 µL/min using an external syringe pump.  Spray voltage was 

optimized at 3.8 kV for both modes in ESI and NSI. 

5.2.1 Solvent Development 

Previous work by Mauri et al. showed saccharides adducted with sodium and 

potassium [48]; therefore, dextrose was chosen as a neutral component to form adducts 

with the inorganic salts.  Initially, organic explosives were dissolved in methanol 

containing 1% ammonium acetate, while inorganic oxidizers were dissolved in 50/50 (v/v) 

methanol/water and 0.1% dextrose.  Various combinations including DMF, methanol, 

water, ethanol, DCM, chloroform, acetonitrile, and DMSO were all tested due to the wide 

range of solubilities of the organics, inorganic salts, and dextrose.  

In developing a single solvent for both types of explosives, a combination of both 

the organic and inorganic solvents was first used: methanol, 0.1% dextrose, 1% acetic 

acid (Solvent #1).  Ammonium acetate was replaced by acetic acid to avoid solvent-

induced ammonium adducts.  The limited solubility of dextrose in methanol was overcome 

with vortexing, sonication, and filtering.  Ammonium perchlorate was analyzed using this 

solvent (~1 mg/mL).  It was discovered that dextrose not only adducted with the 

ammonium, but also the perchlorate.  Potassium chlorate, however, was completely 

insoluble in this solvent. 
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To aid in the solvation of the dextrose and salts, water was added to the solvent 

system, making Solvent #2: 3:1 (v/v) methanol/water with 0.1% dextrose and 1% acetic 

acid.  DNT and potassium chlorate were dissolved at a concentration of ~ 1 mg/mL and 

subsequently analyzed.  PETN was completely insoluble in Solvent #2. 

Finally, a 2:1 (v/v) acetonitrile/water ratio proved capable of dissolving all three, 

and 0.1% dextrose and 1% acetic acid were added to create Solvent #3.  Analyses of all 

inorganic salts and PETN were then performed via ESI-MS. 

Upon completion of ESI-MS analyses of all analytes with a single solvent, blind 

samples were placed on glass slides under the MultiZoom AZ100 microscope for viewing 

and extraction via DAPNe.  The analyst was not informed of the identity of the compounds 

on each slide.  

 Results and Discussion 

Solvent #1 was sufficient for solvation and analysis of ammonium perchlorate 

(Figure 20).  The anticipated dextrose adduct was not observed in negative mode, but 

free perchlorate was seen and is evident by the [M+2]+ isotope peak at m/z 101.  In 

positive mode, a dextrose adduct was seen with the ammonium ion.   

Solvent #2 yielded promising results upon analysis of potassium chlorate and DNT 

(Figure 2, old).  However, negative mode again did not yield a dextrose adducted with 

chlorate peak; rather, free chlorate ions at m/z 83 and clusters of 2 anions and 1 cation 

at m/z 205 were observed. For DNT, the primary anticipated peak [M+CH3COO]- is 

observed at m/z 242. 
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Figure 20. Positive (top) and negative (bottom) mode spectra of ammonium perchlorate 
analyzed via Solvent #1. 
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Figure 21. Negative (top) and positive (middle) mode spectra of potassium chlorate and 
negative mode spectra of DNT (bottom) using Solvent #2. 
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Solvent #3 analyses of organic explosives (MNT, TNT, PETN, EGDN) exhibited 

either an [M+CH3COO]- or an [M-H]- ion.  For example, TNT only appeared as the 

molecular anion at m/z 226, but EGDN was detected as an adduct with acetate at m/z 

211 (Figure 22). The inorganic salts were more unpredictable; sodium perchlorate, 

potassium chlorate, potassium perchlorate, ammonium perchlorate, and ammonium 

nitrate were examined. All created adducts with the dextrose in positive mode, but 

negative mode yielded varying results – some were adducts with dextrose, and some 

were simply the anion by itself or clusters of the salt.  In positive mode analysis of 

potassium perchlorate yielded the dextrose adduct of potassium at m/z 219. Negative 

mode produced the perchlorate anion at m/z 99, a cluster consisting of potassium and 

two perchlorates at m/z 237, and a perchlorate adducted to dextrose at m/z 280 (Figure 

23). The identities of these ions are supported by the +2 peaks created by the 37 amu 

isotope of Cl. 

Peroxide explosives such as TATP, MEKP, and HMTD exhibited varying ionization 

tendencies due to their particularly unstable nature, but were identifiable via MS/MS when 

necessary.  HMTD, for instance, exhibited a loss of NH3 in negative ionization, creating 

an ion at m/z 191 (Figure 24). The peaks at m/z 179 and 239 are solvent peaks resulting 

from deprotonated dextrose and dextrose adducted with acetate.  MEKP, on the other 

hand, formed an adduct consisting of M plus an additional half of the molecule 

(fragmented at the central peroxide) at m/z 316. The identity of this peak was confirmed 

via MS/MS with peaks at m/z 105 and 77, which represent fragmenting of the molecule 

at the central peroxide and an additional fragment of that fragment for a loss of CH3CH2 

(see Figure 5). The homolytic cleavage at the central peroxide bond creates the m/z 105 
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fragment.  Loss of ethyl group follows to create an m/z 77 fragment.  A compilation of 

compounds run and their resulting peaks can be found in Table 2. 

Table 2. Summary of Explosives Ions Observed with Single Solvent Analysis. 

Explosive m/z Positive Ions m/z Negative Ions 

Sodium perchlorate 
145 
203 

[Na2(ClO4)]+ 
[Dextrose + Na]+ 

99 
221 

[ClO4]- 
[Na(ClO4)2]- 

Potassium chlorate 219 [Dextrose + K]+ 
83 

205 
263 

[ClO3]- 
[Na(ClO3)2]- 

[Dextrose + ClO3]- 

Potassium 
perchlorate 

219 [Dextrose + K]+ 
99 

239 
279 

[ClO4]- 
[K(ClO4)2]- 

[dextrose + ClO4]- 

Ammonium 
perchlorate 

198 [Dextrose + NH4]+ 
99 

216 
279 

[ClO4]- 
[NH4(ClO4)2]- 

[dextrose + ClO4]- 

PETN - - 375 [M+CH3COO]- 

MNT - - 196 [M+CH3COO]- 

TNT - - 226 [M-H]- 

EGDN - - 211 [M+CH3COO]- 

RDX - - 281 [M+CH3COO]- 

MEKP - - 316 [M+C4O3H9]-

HMTD - - 191 [M-NH3]-

TATP - - 118 [M-(CH3)2]-
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Figure 22. Negative mode ESI-MS of EGDN (top) and TNT (bottom). 
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Figure 23. ESI-MS of potassium perchlorate in positive mode (top) and negative mode 
(bottom). 
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Figure 24. ESI-MS of HMTD (negative mode). 
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All analyses were performed 3 times each to confirm reproducibility.  Blind studies 

provided expected results after extraction via nanomanipulation. The ammonium nitrate 

yielded typical peaks in both positive and negative mode: dextrose adducts of both 

ammonium in positive mode at m/z 198 and nitrate in negative mode at m/z 242 were 

observed.  Also, PETN was extracted and detected with m/z 375 in negative mode. 

These peaks were consistent with our results in ESI-MS.  The compounds in the 

blind study were accurately identified by the analyst with no prior knowledge of the 

contents of the samples.  In the blind study, a student with proficiency with the 

nanomanipulator and the API 3000 was chosen to extract and analyze unknown residues 

from 3 glass slides.  The student successfully identified DNT, PETN, and ammonium 

nitrate via DAPNe-NSI-MS.  MS/MS was used to aid this determination by confirming the 

presence of at least one constituent of the adduct pair. 

Conclusions 

The data shows that DAPNe-NSI-MS indeed significantly reduces, if not 

completely eliminates, matrix effects like those seen in other ambient techniques such as 

DESI-MS or DART-MS alone, or treating the sample for direct inject ESI-MS.  This is 

achieved by physical separation of analyte particle as well as taking advantage of 

disparities in the solubilities of the present substances.  The reduced matrix effects 

resulting form DAPNe has previously been published showing that greater clarity of 

spectra is obtained by coupling it to DART-MS for analysis of fingerprints contaminated 

with organic explosives in comparison DART-MS alone [25, 40].  Throughout method 

development using DAPNe, solvents are chosen to be extremely selective for the analyte 

alone.  Explosives residues are a particularly good illustration of this aspect of DAPNe-
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NSI-MS, as it showcases that with correct solvent parameters, clean, simplistic spectra 

can easily be obtained. 
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CHAPTER 6  

PARALLEL ARTIFICIAL MEMBRANE PERMEABILITY ASSAY FOR BLOOD-BRAIN 

PERMEABILITY DETERMINATION OF ILLICIT DRUGS AND SYNTHETIC 

ANALOGUES 

 Introduction 

Parallel artificial membrane permeability assay (PAMPA) is an in vitro process for 

membrane permeability assessment.  It was initially developed and optimized to mimic 

the membrane of the gastrointestinal tract for use in the research of oral absorption of 

new pharmaceuticals [144-147].  This assay uses 2 well plates in a “sandwich”-like 

formation:  a donor plate with porous membrane wells that are submerged in the wells of 

receiver plate. 

The porous membrane is coated with a lipid solution (initially lecithin in dodecane 

[144]) which forms a bilayer to mimic a biological membrane.  The donor wells contain 

the drug in an aqueous buffer solution, and the receiver wells contain only buffer solution.  

Drugs that can permeate the membrane will passively diffuse into the receiver wells 

(Figure 25).  The solutions are generally kept at a pH of 7.4, though some studies have 

been conducted at other pHs [148].  

By changing the lipid composition, different membranes can be simulated – 

PAMPA has since been modified to predict skin [149], retinal [150], and blood-brain 

barrier permeability [151-154].  Porcine polar brain lipids were used to more accurately 

mimic the BBB in these assays; this method has been determined to be an adequate 

high-throughput screening technique for BBB permeability when compared to MDCKII-
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MDR1 cell assays [155, 156], Caco-2 cell assays [157, 158], in situ brain perfusion assays 

[156], and in silico calculations [159, 160].  

 

Figure 25. Membrane-permeable drugs will passively cross the membrane into the 
acceptor well.  The rate at which they do this, permeability (cm/s), varies primarily based 
on lipophilicity and molecular weight. 

Despite the method’s apparent usefulness in filtering the viability of new 

pharmaceuticals, PAMPA-BBB has yet to be applied to controlled substances.  The key 

advantage of this technique is its ability to rapidly assess the ability of drugs to pass the 

BBB.  When coupled to electrospray ionization-mass spectrometry (ESI-MS) [161-164] 

rather than UV detection [144, 151], even more advantages become apparent, such as 

increased sensitivity and capability of using a single assay for more than one drug.  Using 

Equation 1 (Sugano et al [165]) to determine the effective BBB permeability (Peff) of 

currently scheduled drugs will facilitate the formulation of a scale by which to compare all 

new drug analogues that are confiscated by law enforcement.   
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𝑃𝑎𝑝𝑝 = −(
𝑉𝑟𝑉𝑑

(𝑉𝑟+𝑉𝑑)𝐴𝑡
) 𝑙𝑛 (1 −

𝐶𝑟(𝑡)

𝐶(𝑡)
)        (2) 

 

Papp is apparent permeability, Vd is the volume of the donor well, Vr is the volume 

of the receiver well, A is the filter area, and t is permeation time.  Cr(t) and C(t) are the 

concentrations of the drug in the acceptor well and references wells, respectively.  This 

can be correlated to the mass spectral peak areas in the donor well and the reference 

well.   

Direct infusion ESI-MS offers the advantages of faster analysis time and minimal 

sample volume over the traditionally used liquid chromatography – ESI-MS [18-21], but it 

is prone to suffer from matrix effects and ionization competition.  Therefore, an internal 

standard with structural similarities to the analyte can be used to aid in quantitation [23].  

By diluting the well contents with the internal standard after PAMPA, the concentrations 

can be represented as ratios of the peak area of the drug to the peak area of the internal 

standard.   

In order to showcase the effectiveness of this method for both scheduled drugs 

and potential drug analogues, a rapid analogue synthesis was adapted from Singh et al 

[24] to synthesize multiple tryptamine derivatives in one reaction by using multiple alkyl 

iodides in the reaction vessel with tryptamine.  The synthesis of several potential 

analogues in a single reaction provides a few key benefits:  decreased overall synthesis 

time (in comparison to synthesizing each one individually), simulation of drugs in evidence 

that may contain several substances of interest, and rapid population of an analogue 

database. 



95 

Materials and Methods 

6.2.1 Materials 

Optima methanol, glacial acetic acid, 1-iodobutane, 1-iodohexane, and 1-

iodooctane were obtained from Sigma Aldrich (Saint Louis, MO). HEPES buffer was 

ordered from Acros Organics (Geel, Belgium). Porcine polar brain lipids were from Avanti 

Polar Lipids, Inc. (Alabaster, AL). SDS and sodium bicarbonate were ordered from Fisher 

Scientific (Waltham, MA). All illicit drugs (heroin, MDMA, cocaine, methamphetamine) 

were provided by the Denton County Sheriff's Office and verified by a generic GC-MS 

method.  Millipore Multiscreen 96-well assay plates (MAIPNTR10) and Multiscreen 

Transport Receiver Plates (MATRNPS50) were ordered from Fisher Scientific (Waltham, 

MA). 

Analysis of all samples was conducted via direct sample infusion with a Chemyx 

Fusion 100 syringe pump (Stafford, TX) to the TurboSpray source of an API 3000 triple 

quadrupole mass spectrometer (AB Sciex, Framingham, MA). Nitrogen is used for the 

nebulizer and curtain gases.  A spray voltage of 4500V and a sample flow rate of 10 

µL/min was used for all samples. 

6.2.2 Synthesis of Potential Analogues 

Tryptamine derivatives were synthesized by adding 50 mg tryptamine (0.31 mmol), 

57 mg NaHCO3 (0.68 mmol), 1 mL of water, 1.24 mg of SDS and 0.2 mmol each of the 

iodo-alkyls: 22.8 µL of 1-iodobutane, 29.5 µL of 1-iodohexane, and 36.1 µL of 1-

iodooctane.  This was heated at 80°C for 1 hour. After heating, the solution was allowed 

to cool and then the water layer was drawn off. The remaining brown, oily residue was 

dissolved in 1.2 mL of methanol.  This was then diluted 1000-fold in 50/50 methanol/water, 
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1% acetic acid for analysis via positive mode ESI-MS as well as collision-induced 

dissociation (CID) for product structure determination.  Collision energies were optimized 

for each compound separately. 

To ensure fragmentation deconvolution, tryptamine was reacted with 1-iodobutane 

and 1-iodooctane in separate flasks.  These syntheses were scaled down by half from 

the previous synthesis, using 25 mg of tryptamine in 0.62 mL water (with 0.6 mg SDS and 

28.5 mg NaHCO3) and 35.5 µL 1-iodobutane and 56.3 µL 1-iodooctane.  This was then 

diluted 500-fold in 50/50 methanol/water, 1% acetic acid for analysis via positive mode 

ESI-MS and CID.   

6.2.3 PAMPA 

Each donor well in the top 96-well plate was coated with 4µL of PBL solution. 

Solutions of 5 mg/mL cocaine, methamphetamine, ecstasy, and heroin were prepared in 

methanol and further diluted 200-fold in 10 mM HEPES buffer.  The synthesis product 

solution was diluted 500-fold into the buffer.  HEPES buffer was chosen instead of PBS 

due to the convoluted nature of the ESI-MS spectra of solutions containing PBS.  200 µL 

of each drug was added to 5 donor wells (top well plate). The receiver wells in the bottom 

plate were filled with 300 µL each of HEPES buffer.  The plates were incubated at 37°C 

for 5 hrs. After incubation, 300 µL was transferred from the receiver wells to individual 

sample tubes and diluted to 1 mL in Optima methanol, 1% acetic acid, and 10 µL of 22 

mM melatonin as an internal standard.  Melatonin was chosen as an internal standard 

due to structural similarities with the analytes and thus similar ionization tendencies in 

ESI-MS to facilitate quantitation by peak area.  Reference solutions were made by diluting 

300 µL of the drug solutions in methanol (final concentrations of scheduled drugs:  
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cocaine – 24 µM, methamphetamine - 51 µM, ecstasy – 39 µM, heroin – 21 µM).  The 

samples were then analyzed via positive mode ESI-MS.  Spectra were collected and 

averaged over 3 minutes. 

 Results and Discussion 

6.3.1 Synthesis of Potential Analogues 

The dilute solution of the residue from the reaction of tryptamine with 1-iodobutane, 

1-iodohexane, and 1-iodooctane showed 10 reaction products (Figure 26); the structures 

of the neutral species synthesized are summarized in Table 3 Nucleophilic substitution 

occurs at the amine, resulting in a distribution of products among the 3 different R groups 

on the alkyl iodides.  The quaternary amines formed were ignored for the purposes of the 

permeability assay as ionic species cross cell barriers through a different mechanism than 

more lipophilic species [25]. 

 Some tryptamine remained with the reaction products and can be seen at m/z161; 

it’s most common fragment is also seen at m/z 144 due to α-cleavage at the amine.  As 

seen in Figure 3, there can be some concern of isobaric species in such a synthesis.  

These can typically be deconvoluted by MS/MS and the resulting fragmentation.  For 

example, the two possible species at m/z 273 are both present in the product residue.  

The 2 structural possibilities at m/z 273 in Table 3 were synthesized individually to confirm 

fragmentation and therefore determine if one or both crossed the artificial membrane.  

The CID fragmentation of each of these species independently (Figure 27) shows that 

they can be distinguished despite their identical molecular weights.  The tertiary amine 

product exhibits further fragmentation after α-fragmentation to produce an ion at m/z 100 

while the secondary amine product does not. 



98 

 

 

Figure 26. ESI–MS of the synthetic derivatives. This spectrum shows the multiple 
possibilities from a reaction between tryptamine and 3 alkyl halides: 1-iodobutane, 1-
iodohexane, and 1-iodooctane. 
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Table 3. Structures and m/z values of synthesized analogues 
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Figure 27. CID spectra of [2-(1H-Indol-3-yl)ethyl]dibutylamine (a) and [2-(1H-Indol-3-
yl)ethyl]octylamine (b). 
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6.3.2 PAMPA  

Five separate receiver well solutions and one reference solution were analyzed for 

each drug.  The areas of the drug peaks and melatonin peaks (m/z 233) were calculated 

using Analyst software (AB Sciex, Framingham, MA), and the area of the melatonin peak 

was divided by the area of the drug peak for each spectrum.  The drug:melatonin peak 

area ratios were averaged for the reference solutions.  Using the ratios of the reference 

solution [M+H]+ peak areas and the receiver well [M+H]+ peak areas in the equation 

presented in Section 1, apparent permeabilities were calculated for cocaine, 

methamphetamine, ecstasy, heroin, and the synthesized tryptamine derivatives (Table 

4).  

Table 4. Apparent Permeabilities 

 

Drug [M+H]+ Reference 
Well Ratioa 

Receiver Well 
Ratioa Papp (cm/s)b 

Methamphetamine 150 6.444 0.549 3.15E-05 

MDMA 194 18.574 5.427 1.22E-04 

Cocaine 304 4.961 0.487 3.66E-05 

Heroin 370 2.931 0.181 2.25E-05 

[2-(1H-Indol-3-
yl)ethyl]dibutylamine 

 
273 0.524 0.078 5.68E-05 

N-Butyl[2-(1H-indol-3-
yl)ethyl]hexylamine 

 
301 0.901 0.116 4.87E-05 

N-Butyl[2-(1H-indol-3-
yl)ethyl]octylamine 

 
329 0.473 0.055 4.36E-05 

aAverage of ratios of 5 wells 
b Constants in calculation:  Vr = 0.3 cm3, Vd = 0.2 cm3, A = 0.01884 cm3, t = 18000 s 
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A range over a single order of magnitude for currently scheduled drugs shows that 

there is a definable range of apparent permeabilities in which substances can be 

assumed to passively diffuse across the BBB, though additional data and statistical 

treatment is necessary to precisely define that range.  Furthermore, the apparent 

permeabilities of the synthesized species show that there is variation based on subtle 

changes to the same structural backbone.  Only m/z 273, 301, and 329 were detectable 

at statistically significant intensities in the receiver wells.  Their apparent permeabilities 

range from 4.36E-5 to 5.68E-5.  Based on the fragmentation patterns shown in Figure 27, 

it was determined that only one of the compounds at m/z 273 ([2-(1H-Indol-3-

yl)ethyl]dibutylamine) was detectable in the receiver well. 

Conclusions 

PAMPA-BBB has proven to be a useful high-throughput screening technique to 

help determine the analogue status of new designer drugs.  If any of the analogues 

produced in our lab had been recovered in an arrest, there is a strong chance they 

would’ve been immediately placed on a drug schedule based on the Controlled 

Substances Act simply because they share the same backbone as psilocybin and other 

currently scheduled drugs. However, only 3 of the species ([2-(1H-Indol-3-

yl)ethyl]dibutylamine at m/z 273, N-Butyl[2-(1H-indol-3-yl)ethyl]hexylamine at m/z 301, 

and N-Butyl[2-(1H-indol-3-yl)ethyl]octylamine at m/z 329) that are neutral at biological pH 

crossed through the artificial BBB.  Based on the observed blood-brain barrier 

permeability, these 3 easily synthesized substances could thus far reasonably be referred 

to as tryptamine analogues with more certainty than the other reaction products 
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presented.  This fact highlights the need for the application of an assay capable of 

differentiating more than 2-D structural similarities. 

This rapid synthesis of many derivatives coupled to ESI-MS/MS facilitates the 

creation of a searchable database of spectra and structures.  With the development of a 

library of drug derivatives from different parent backbones and permeability data, forensic 

laboratories and lawmakers will be able to rapidly make more informed assessments on 

new substances confiscated at crime scenes.  This database can be populated even more 

after syntheses of different types of tryptamine analogues.  For example, using  N-

methylproline methyl ester with 5-methoxyindole has been shown to produce substances 

with “LSD-like” activity [26];  using several other methyl esters to make substitutions on 

the indole should theoretically produce similar results to the syntheses shown in Section 

3.1. 

In the future, affinity chromatography can be used to gauge the interaction of drugs 

that cross the BBB with certain receptors in the brain.  For instance, the serotonin 5-HT2a 

receptor is a common target of psychoactive drugs (methamphetamine, ecstasy, 

psilocybin, etc.) [27, 28].  Determining the affinity of new substances for this receptor 

would provide an additional dimension of understanding of how these substances can 

affect the body.  With two biologically relevant factors to consider, we can eventually 

develop an equation to place weight on BBB permeability and receptor activity to provide 

a ‘score’ for new compounds.  A generalized example of this could be xPeff + yK = S, 

where x and y are weighing factors, K is receptor affinity, and S is the score.  This score, 

along with a well-populated database, will provide the community with a better way to 
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assess designer drugs than subjective opinions based on similarities of two-dimensional 

structures. 
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CHAPTER 7 

RECEPTOR ASSAY OF DRUG ANALOGUES VIA CELL MEMBRANE 

CHROMATOGRAPHY -MASS SPECTROMETRY 

Introduction 

As analogues of controlled substances become increasingly problematic for law 

enforcement, the need for a method for forensic laboratories to analyze and characterize 

in a timely fashion rises.  While the Controlled Substances Act in 1970 was developed to 

help mitigate issues surrounding these substances, the vague terminology criminalizing 

all substances “substantially similar” to currently scheduled drugs creates a spawning 

ground for much debate over what actually constitutes such similarity.  Our lab previously 

published the use of an in vitro parallel artificial membrane assay (PAMPA) [cite] to 

compare the blood-brain barrier (BBB) permeability of multiple scheduled drugs, 

tryptamine, and tryptamine derivatives. This research was developed as a 

complementary second phase of this rapid characterization such that once BBB 

permeability has been established, the receptor activity of the suspected analog can be 

investigated. 

This study will focus primarily on tryptamine and its derivatives.  These substances 

are agonist ligands of the serotonin 5-HT2a receptor in the brain [166-168].  There are 

many options for assays to determine ligand binding, but most of them use live (or at least 

freshly dead) lab specimens for organ harvesting.  Techniques used to meter the binding 

of receptor agonists and antagonists commonly include homogenates of specimen 

organs [169, 170] and fundus strips suspended in a bath [167, 171].  Radioligand assays 

are the most common use of membrane homogenates and fundus strips.  Radioligand 
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assays utilize a deuterated or tritiated agonist for the receptor (such as [3H]serotonin for 

serotonin receptors) and use a scintillation counter to detect displaced radioligands [170].  

There are also varying bioaffinity techniques that have benefits of having a higher 

throughput and increased ease of use. One such method, cell membrane 

chromatography (CMC), is a technique that uses immobilized cell membranes on silica 

as a stationary phase for liquid chromatography.  This technique has been found to 

sufficiently imitate drug-receptor interactions as they occur in vivo [172].  Various types 

of cells or tissues have been used as cell membrane stationary phases (CMSPs) for 

receptor-ligand binding studies, including cardiac muscle [173-177], kidney [178-180],  

liver [181, 182], white and red blood cells [183], pancreas [184, 185], prostate [186, 187], 

epidermal squamous cells [188], umbilical endothelial cells [189], peritoneal 

macrophages [190, 191], periodontal ligament [192], intestinal muscle [193], and brain 

[194].  Typically, phosphate buffered saline (PBS) is used as a mobile phase to mimic 

biological conditions as closely as possible.  PBS is not a particularly ESI-friendly solvent 

and would require desalinating prior to analysis.  To avoid this, an ammonium acetate 

buffer can be used to facilitate mass spectrometric detection rather than scintillation 

counters (radioligand-binding) [172] or a UV-vis detector [175].  Ammonium acetate has 

successfully been used as a mobile phase with rat prostate CMSP [186, 187].  This mobile 

phase is used in a similar technique, frontal affinity chromatography – mass spectrometry 

(FAC-MS), which features immobilized purified proteins instead of full cell membranes 

[195, 196].  Merging the two techniques for mass spectrometric analysis potentially 

facilitates a faster, easier approach (with improved sensitivity and specificity) as the 
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purified serotonin receptor 5-HT2a has limited commercial availability and is expensive in 

comparison to homogenized brain tissue in which the 5-HT2a receptor can be found.   

Rapidly obtaining relative retention on a rat brain CMSP will provide a final key 

piece of information regarding these substances, and a searchable database can be 

compiled with mass spectrometric, BBB permeability [197], and CMSP retention data.   

 Materials and Methods 

7.2.1 Materials 

Optima methanol, ammonium acetate, tryptamine, 1-iodomethane, tris, HCl (37%), 

and PBS (10x) were obtained from Sigma Aldrich (Saint Louis, MO).  Water with 18.2 MΩ 

resisitivity was obtained from a Millipore Milli-Q Plus purification system (Billerica, MA).   

Homogenized Sprague-Dawley rat brain (25 mg protein/mL) was obtained from 

Bioreclamation Inc. (Westbury, NY).  An empty 10 mm x 1 cm stainless steel column and 

stainless steel frits (2 µm) were obtained from Chrom Tech Inc. (Apple Valley, MN).  An 

empty 2.1 mm x 50 mm with stainless steel frits was obtained from Fisher Scientific 

(Pittsburgh, PA). Silica gel (5 µm, 90 Å) was obtained from Daiso Fine Chem USA, Inc. 

(Torrance, CA).  

N-methyltryptamine and N, N, N-trimethyltryptamine were synthesized and 

characterized via ESI-MS and collision induced dissociation (CID).  Synthesis of the 

tryptamine derivatives (Figure 28) is detailed in a previous publication [197].   
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Figure 28. Spectrum of synthesized tryptamine derivatives with caffeine internal standard 
(left) and structures and molecular weights of expected solution constituents (right). 

All samples were analyzed via the turbospray source on an API-3000 triple 

quadrupole mass spectrometer (AB Sciex, Framingham, MA).  A Chemyx Fusion 100 

syringe pump (Stafford, TX) was used to infuse the samples.  Nitrogen was used for the 

curtain and nebulizer gas.  A spray voltage of 4500 V was used for all samples. 

7.2.2 Preparation of CMSP 

Silica (0.6 g) was activated at 150 oC and added to a solution of 4.5 mL of 1x PBS 

and 0.5 mL homogenized rat brain.  The slurry was gently stirred for 4 hours at room 

temperature.  The silica was then washed three times with 50 mM tris-HCl (pH 7.4) and 

then with Milli-Q water.  The columns were then slurry-packed using a gentle vacuum.   
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7.2.3 CMC-MS Analysis 

 

Figure 29. Flow Schematic of sample introduction to the mass spectrometer. 

In order to validate the CMC-MS method for this application, tryptamine, 

methamphetamine, and caffeine were used to assess differences in retention time.  

Retention times on both a 2.1 mm x 50 mm column and a 10 mm x 1 cm column were 

examined.   

Each substance was diluted in methanol (~ 1 mg/mL) and then further diluted 1/100 

v/v in a 10 mM ammonium acetate solution prepared with 18.2 MΩ water.  This solution 

was then continuously infused into the column in the configuration seen in Figure 29 at a 

rate of 8 µL/min.  The other syringe was filled with Optima methanol, and the two solutions 

mixed at the mixing tee prior to introduction to the electrospray source.  As the substances 

had all been previously characterized, selected ion monitoring was used to obtain the 
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change in signal over time for only the analyte of interest to decrease the mass range and 

further improve selectivity. 

7.2.4 CMSP Extraction – ESI-MS 

 

Figure 30. Diagram of CMSP extraction process.  The blown up portion shows a silica 
bead coated in cell membrane (with receptors) interacting with a potential analog in 
solution. 

CMSP extraction was carried out in 0.6 µL centrifuge tubes.  A 1000-fold dilution 

of the synthetic product in Optima methanol and 62.5 µL of the slurry solution were diluted 

to 500 µL with Milli-Q water.  The vial was then vortexed for 30 s and centrifuged for 1 

min.  A 200 µL portion of the supernatant was pipetted into a clean vial and diluted to 500 

µL with Optima methanol, and 1% acetic acid (Figure 30).  An internal standard of 100 

nM caffeine in Optima methanol (from a 5 mM stock solution) was also included.  A 

reference solution was prepared in the same fashion but without the CMSP (62.5 µL water 

was added instead) in order to determine pre-extraction concentrations of the analytes.  

A standard solution of 50 nM tryptamine (from a 200 nM stock solution in Optima 

methanol) in order to obtain an F factor for concentration calculations.  The samples were 

then analyzed via ESI-MS.  Differences in peak area ratios between the analyte and 
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internal standard were then calculated and used to determine percent retention (Figure 

31).  

 

Figure 31. Pre- and post-CMSP extraction spectra of the synthetized analog mixture. 

7.2.5 PAMPA-BBB 

The details of the PAMPA-BBB assay have been previously published [197].  In 

short, the wells of a 96-well plate with a porous membranes in the bottom are coated with 

a polar brain lipid solution in dodecane to mimic the BBB.  A 200 µL aliquot of synthetic 

drug mixture (diluted 500-fold in HEPES buffer) is added to these wells.  This plate is then 

set into another 96-well plate with wells containing 300 µL of the buffer solution. 

 Results and Discussion 

7.3.1 CMC-MS 

Traditional CMC-MS proved to be less than ideal for the substances in question 

based on the retention times of melatonin, tryptamine, and caffeine.  While the 3 had 

significantly different retention times on the 2.1 mm by 50 mm column, indicating 

differences in affinity for the CMSP, the retention times of 18+ minutes were too long for 

the desired ‘rapid’ technique.  To combat the long retention times, a shorter 10 mm x 1 

cm column was packed with the CMSP.   
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In contrast to the results with the larger column, the substances were not retained 

long enough to determine differences in retention times.  Additionally, both columns 

suffered from carryover that interfered with future analyses without needing to repack the 

column.  This renders CMC-MS even more futile, as the column packing procedure is 

time-consuming and expensive. 

7.3.2 CMSP Extraction – ESI-MS 

To mitigate the issues encountered with CMC-MS, a solid phase extraction was 

performed instead by placing the silica slurry and the drug solution together in a vial for a 

set period of time and then removing the solution.  Being able to limit the amount of time 

the drug is exposed to the CMSP prevents the extensive wait time present in the 

chromatography experiments.  Additionally, the amount of silica necessary to perform 

CMSP extractions is significantly less (62 µL of slurry as opposed to ~6 mL used to pack 

a column), rendering the reuse of the same silica for multiple experiments unnecessary. 

Table 5.  Concentrations of analytes from synthetic product mixture before and after 
CMSP extraction, along with calculated % retention. 

This proved to be quite effective for comparing the synthesized tryptamine 

derivatives N-methyltryptamine and N, N, N-trimethyltryptamine (N, N-dimethyltryptamine 

was not an observed product) to the unreacted tryptamine found in the product solution. 

The CMSP extraction shows that these three substances were absorbed to significantly 

Concentration (nM) 

m/z 161 m/z 175 m/z 203 

Pre-CMSP Extraction 12.2 3.9 22.1 

Post-CMSP Extraction 1.2 0.8 7.7 

% Retention 90.0 79.3 65.1 
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different extents during their 30 second contact with the CMSP (Table 5).  For instance, 

tryptamine was retained in the silica in its vial the most (90.0% retention), while N, N, N-

trimethyltryptamine was retained the least (65.1% retention).  This indicates that if both 

substances were able to permeate the BBB to the same extent, then they’d presumably 

interact with the brain receptors comparably.  Therefore, coupling the CMSP extraction 

to PAMPA-BBB creates a two-dimensional analysis method to determine the substance’s 

receptor activity in addition to potential of the substance to even reach the receptor. 

7.3.3 PAMPA-BBB 

The PAMPA-BBB experiments create a greater context for the CMSP extraction 

data, and vice versa.  By determining the BBB permeability, an extra level of 

understanding of the behavior of these substances is gained – if the substance cannot 

physically reach the part of the body necessary to have its desired effect, its unreasonable 

to infer that it’s an effective analog of a given drug.   

Table 6. Summary of PAMPA-BBB data for tryptamine and synthesized tryptamine 
derivatives. 

For instance, N-methyltryptamine has the highest apparent permeability (Table 6), 

while N, N, N-trimethyltryptamine has the lowest.  If one were only using the CMSP 

extraction results to make assessments about these substances, tryptamine could be 

Drug m/z 
Reference 
Well Ratioa 

Receiver Well 
Ratioa Papp (cm/s)b 

Tryptamine 161 4.60 2.20E-02 1.69E-06 

N-methyltryptamine 175 1.94 7.04E-02 1.31E-05 

N, N, N-trimethyltryptamine 203 3.96E+01 4.77E-02 4.27E-07 

aAverage of ratios of peak area from 5 wells 
b Constants:  Vr = 0.3 cm3, Vd = 0.2 cm3,  Vd = 0.3 cm3,, A = 0.01884 cm3, t = 18000 s 
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presumed the most biologically effective.  However, it cannot pass through the BBB as 

readily as N-methyltryptamine in order to come into contact with these receptors. 

Interestingly, N, N, N-trimethyltryptamine showed the lowest apparent BBB permeability 

as well as the least interaction with the CMSP.  This could perhaps support some 

structure-activity relationships that have been previously researched by Blaazer et al 

[166] since N, N, N-trimethyltryptamine is the most sterically hindered at the active amine 

site.  Alternatively, this could be due to the ionic nature of this quarternary salt rather than 

the neutral tryptamine and N-methyltryptamine. 

Conclusions 

CMC-MS was not an effective method to obtain relative receptor affinity data.  

However, CMSP extraction – ESI-MS certainly seems to be a useful component of an 

overall endeavor to rapidly characterize and database drug analogues.  Additionally, 

through comparison of tryptamine experimental vibrational spectra with theoretical 

spectra of tryptamine and amphetamine, we showed that computational chemistry 

methods can be utilized to determine structural characteristics of controlled substances 

in a quick and efficient manner.  By coupling ESI-MS, CID, CMSP retention data, and 

PAMPA-BBB data a full database entry can be quickly created for new substances or 

searched to identify previously characterized substances.  This database can help 

forensic scientists and lawmakers to quickly and efficiently determine chemical effects 

and structural characteristics of controlled substances. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

Trace Analysis 

Forensic science research has a long road ahead to catch up and keep up with not 

only clandestine drug labs, but also public opinion and perceptions.  Direct inject mass 

spectrometry techniques developed in the last 10-15 years have brought the community 

forward leaps and bounds and have been effectively utilized across much of the breadth 

of forensic chemistry and makes way for a promising improvement.  This improvement 

will ideally take place in the form of continually increasing selectivity and sensitivity while 

still maintaining the ability to conduct the analyses in a rapid fashion. 

This is particularly true of DAPNe-NSI-MS.  With the versatility of solvent selection 

at the analyst’s fingertips, it is particularly poised for application in other forensic evidence 

arenas such as chemical or biological warfare agents.  However, DAPNe-NSI-MS is not 

nearly as high throughput as say, DESI or DART, decreasing its attractiveness to the 

forensic community at large in it’s current state.  Therefore, DAPNe must be adapted for 

faster back-to-back analyses to become a truly valuable tool.  This could be best achieved 

by automation of the positioner between sample extraction at the microscope and the 

orifice of the mass spectrometer for analysis. 

Clandestine Labs and Drug Analogues 

In the same way that DAPNe must become higher throughput to be more useful, 

so must the characterization process of PAMPA-BBB-ESI-MS and CMSP extraction – 

ESI-MS.  Though the limiting factor is the incubation period of the PAMPA well plates, 96 

samples can be prepared at one time.  However, this is not really reasonable for manual 
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analyses as the time of removal of the solution from the first well will be significantly 

different from that of removal of the solution from the last well.  This cannot happen, 

however, because the apparent permeability calculations are based on permeation time, 

thus the data would be skewed.  One could perhaps account for this latency, but it would 

need to be tightly monitored.  This would mostly just create an extreme margin for human 

error.  CMSP extraction faces the same challenge – the retention data are only 

comparable based on the assumption that the drugs all have the exact same amount of 

time in contact with the CMSP.  If a single analyst is performing multiple experiments at 

once, this will again negatively affect data trends.  Therefore, to increase throughput and 

decrease chance of human error and timing delays, an automated liquid sample handling 

system would greatly benefit this technique. 

Finally, this technique will ultimately benefit the widest audience (forensic 

practitioners, law enforcement, etc.) once the data is available in a database accessible 

via a web portal.  Continuing to populate the database (ACD Labs) of synthesized 

analogues with new CID spectra, BBB permeability data, and CMSP extraction data will 

eventually create an exhaustive arena in which to compare new psychoactive substances 

confiscated on the streets.  Adding theoretical IR and Raman data to this database will 

provide a full complement of identification and fingerprinting techniques for the forensic 

community to utilize to a powerful extent. 




