
ABSTRACT 

LICHTENBERGER, EMILY LYNN. Screening, Identification, and Characterization of Drugs of 
Abuse from Polymeric Substrates via Microfluidics, Chromatography, and Tandem Mass 
Spectrometry: A Forensic Application (Under the direction of Dr. Nelson Vinueza Benitez). 
 

Illicit substance abuse is a key issue in society, especially with the current opioid crisis 

observed in the United States. This has prompted scientists to develop analytical methods for 

illicit compounds using in hopes of improving the accuracy and efficiency of characterization of 

these compounds. The work presented in this dissertation encompasses a two-fold research 

objective that focuses on the identification of drugs of abuse (DOAs) and new psychoactive 

substances (NPS) in forensic applications: 1) combining a microfluidic extraction device (MFD) 

with analytical techniques such as high-performance liquid chromatography (HPLC) and mass 

spectrometry (MS), and 2) investigating how different commercial swab materials affect the 

extraction/retention of DOAs and NPSs. The MFD used in this research allows for fast, 

automated extraction with limited solvent use and reduced analyst interaction with samples.  

Combining the MFD with other analytical techniques promotes versatility and robustness 

of the device. The MFD could benefit forensic analysts by simplifying analysis time and 

reducing the of amount resources used. Two methods of combining the MFD with a triple 

quadrupole mass spectrometer were developed and tested using a drug solution containing 62 

DOAs and NPSs. The first method involved direct connection of the MFD to the ionization 

source of the mass spectrometer. This method allowed for approximately 52% of the compounds 

to be identified. It was determined that all of the compounds were reaching the electrospray 

ionization source at the same time, resulting in ionization bias. Compounds that are more basic 

are better suited for ionization because they will attract the protons more efficiently. However, 

with the extraction and MS analysis time being 3.5 minutes, this is an efficient screening method 

to provide analysts with preliminary data by simply placing a small sample of evidence directly 



in the MFD. The second method tested used the MFD as a standalone extraction device and the 

extraction was collected in a micro HPLC vial which is then placed in the autosampler of the 

HPLC and analyzed via the HPLC-MS system. All 62 compounds were successfully extracted 

and identified because they were separated by the HPLC column before reaching the ionization 

source. Thus, all the compounds achieved ionization with reduced ionization bias. The HPLC 

mobile phase also contains 0.1% formic acid in the polar phase which adds more charges for 

positive mode ionization in the source, leading to increased sensitivity for all compounds.  

In order to extract and analyze the drug solution using the MFD and HPLC-MS, a sample 

matrix, in this case a polyurethane foam swab, needed to be used to extract from. With the 

success achieved with the polyurethane swab, it became an interest to test different swab 

materials to determine the potential effects they have on extraction. Five commercial swabs of 

different materials and tip types (cotton fibers, rayon fibers, polyester knitted fibers, nylon 

flocked, and polyurethane foam) were chosen, doped with the drug standard (in methanol), and 

extracted and analyzed using the second method developed of combining the MFD with the MS 

and variation was observed. The nylon, rayon, and cotton swabs had success in retaining the 

majority of the compounds, while the polyester and polyurethane foam swabs released the 

majority of the compounds during the extraction. The difference in hydrophilicity based on their 

structures is the key reason for the differences. The DOAs and NPSs investigated contained 

multiple hydrogen bonding acceptor and donor sites, leading to more interaction with the swab 

materials that also had a higher number of hydrogen bond acceptor and donor sites, leading to 

potentially selective materials. 
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CHAPTER 1  

1. Introduction 

Criminal behavior is an unfortunate component of humanity that has persisted throughout 

time. Forensic science was introduced to combat the growing crime rate throughout the world 

and has developed into an incredibly diverse field of study. There are many subject areas of 

forensic science – from the STEM sectors, such as forensic chemistry and biology, to the 

humanities, such as forensic linguistics. These interdisciplinary efforts have enabled today’s 

society to identify, capture, and prosecute criminals through the justice system. In the United 

States of America, the judicial system prides itself on having leading forensics teams throughout 

the nation, working with governmental, private, and commercial laboratories and companies. 

This cooperation ensures the just prosecution of criminals and the safety of the population; 

however, it has not been flawless. Over the past several decades, an evident divide between new 

evidence analysis techniques and current scientific standards is apparent.1 Scientific 

miscommunication like this has led to results differing from crime laboratory to crime laboratory 

– a major issue when attempting to prove an individual’s guilt in the courtroom. 

The proposed research is focused in improving and understanding multiple drug analysis 

using a state-of-the-art microfluidic extraction device coupled with mass spectrometry and high-

performance liquid chromatography. The methods developed ensure effective results to better 

scientific communications between crime laboratories throughout the country. As analytical 

methods are developed, it is crucial to identify how they can benefit forensics since they are 

tested for validity in the research world. Having methods that are specific for commercial 

instruments allow reproducibility between multiple crime laboratories and reduces the amount of 

human error that can encompass evidence analysis. Human perception decreases our ability to 

provide the same results time and time again, thus handing the expected reproducibility to 
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instruments that lack this quality is essential for unbiased analysis in forensics. The literature 

review that follows encompasses all aspects of the proposed research – from the current state of 

forensics to the drug crises, from the principles of the analytical techniques used to the existing 

applications in multiple drug analysis of the techniques.   

1.1. Forensic Science Lacks Science   

One of the leading supreme court cases that put pressure on forensic evidence in criminal 

trials was Daubert v. Merrell Dow Pharmaceuticals, Inc. which ruled that the evidence and the 

expert testimony, if presented, must be proved relevant and reliable by the trial judge.1 This 

leading piece of legislation allowed expert witnesses to testify in court about the evidence 

analysis as long as the techniques were scientifically valid. However, this gives the trial judge 

complete control over what evidence is admissible in court, leading to flexible interpretations 

that vary from courtroom to courtroom. In other words, the judge becomes the “gatekeeper,” 

allowing experts to testify if he/she believe it is relevant to the case. The question then is who 

ensures that the trial judge is acting justly on behalf of the evidence analysis, expert testimony, 

and the lawyers and people subjected to the justice system? That is where the confusion begins 

as there is only a limited “abuse of discretion” standard for holding trial judges accountable.1 

This heavily relies on the judges’ knowledge on the authenticity and eligibility of the expert 

testimony which can vary depending on their background.   

Over the years, the Daubert ruling has had strong precedence in many criminal cases and 

it is observed that judges almost always accept expert testimony and accompanying evidence 

submitted, regardless of the method. This is because there are no specific standards set that 

forensic scientists and crime labs are expected to adhere to. There are only recommendations 

stated by groups such as the Scientific Working Group for the Analysis of Seized Drugs 

(SWGDRUG). SWGDRUG has categorized key analytical techniques into three different 
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categories: category A, which are confirmatory techniques such as mass spectrometry and 

nuclear magnetic resonance spectroscopy; category B, which are screening techniques such as 

capillary electrophoresis and liquid chromatography; and category C, which are presumptive 

tests such as color changes or fluorescence tests.2 SWGDRUG further recommends the use of 

multiple categories be used for analysis of evidence. For example, if a category A test is used, at 

least one other test, either category A, B, or C, should be used for validation. Many forensic 

scientists adhere to these recommendations and have done so since SWGDRUG released it. 

However, it should be noted that this became an American Society of Testing Materials (ASTM) 

standard of practice in 2015.3 This is great, but the amount of time it took for this to become 

standard practice and required of forensic laboratories is unnerving. 

It also became difficult for criminals to appeal sentences if evidence and testimony were 

presented against them since judges trusted an expert’s statements, an issue that could lead to 

wrongful convictions if the methods in which the evidence is analyzed are not tested for 

reliability as expected. Situations such as these are the reason for the development of the 

Innocence Project. The Innocence Project was created in 1992 to acquit wrongfully accused 

prisoners via DNA analysis.4 A second goal of the project is to establish changes within the 

criminal justice system to ensure these injustices are reduced.4 Members of the Innocence Project 

have examined 350 cases where they believe forensic science was “misapplied.”5 In other words, 

the results from evidence analysis in the cases and/or the testimony in court by experts were 

inaccurate or misleading. There could also be situations of analyst misconduct or mistakes that 

could have led to wrongful accusation. Their focus is on freeing those who are innocent through 

reexamination of evidence, especially DNA evidence.4 

The situations that led to the formation of the Innocence Project also led Congress to 

instruct the National Academy of Sciences (NAS) to examine forensic methods. In 2009, the 
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NAS report, titled “Strengthening Forensic Science: A Path Forward,” dove into the issues of 

forensic methods and determined where the significant change needed to occur.1 Their 

conclusion led to the establishment of the National Commission on Forensic Science (NCFS) to 

hold scientists accountable and to set standards for forensic methods to meet before being 

eligible for use in criminal cases and presentation to the court. This led to an increase in forensic 

evidence analysis method development to ensure “scientific-ness” of the methods. The NCFS 

has since expired, as of April 2017, according to the National Institute of Justice’s (NIJ’s) 

website.6 Nevertheless, the pressure by the 2009 NAS report is felt even in today’s forensics 

research environment.   

1.2. Drug Abuse Crisis – Taking Advantage of Generations 

One sub-area of forensic science heavily affected by the issue of forensics lacking 

science is drug analysis. Drug use and abuse is common in society, with the use of new 

psychoactive substances (NPS), or “designer drugs,” being the new trend. These compounds are 

created to circumvent regulation and pose a huge risk to the public health and safety as no human 

consumption tests are completed on these NPS before release into the market.7,8 Distributors 

release these drugs into the market under the false pretense that they are used for non-human 

consumption. Such advertising for these compounds include research purposes, incense, legal 

highs, and other forms along these lines to prevent suspicion.7 Product packaging tends to have 

provocative colors and images which caters to young adults, taking advantage of the less 

knowledgeable (Figure 1).   
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Figure 1.  Examples of packaging used for Spice that caters to younger generations.9 

The low price and accessibility to society take advantage of those who cannot acquire 

certain medications, such as veterans of the U.S. military. Those who are treated for pain with 

opioids are victims of the NPS crisis because once they are no longer provided medication 

legally, they may turn to other methods of access, usually on the street. Most patient care they 

receive in hospitals is for an extended period of time which leads to an addiction they are unable 

to cope with once they are discharged. If access is also cut off by the discontinuation of medical 

care as perceived by their doctor, they are left to their own devices to deal with their addiction 

and run the risk of overdosing. Veterans account for a significant portion of overdoses from 

opioids.10  

NPS involve the same basic structure of illegal drugs but differ by a functional group or 

two.  This provides the desired effect, however the lack of testing on human reactions to these 

NPS causes many illnesses and deaths. A common example of this is Spice or synthetic 

cannabinoids. Synthetic cannabinoids are the oldest and largest group of NPS that were 

developed since the illegalization of marijuana.7 They have since been illegalized in most states, 

but their short success has led to the expansion of the development of NPS of other natural 

occurring drugs such as synthetic cathinones and synthetic opioids. Recently, opioids have taken 
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the media by storm and an opioid epidemic has been identified in the U.S. According to the U.S. 

Department of Health & Human Services website, out of the over 33,000 deaths that occurred 

from overdosing on opioids, almost 10,000 of them were caused by overdosing on synthetic 

opioids alone.11  

The problems stated are just a few examples of issues that arise due to NPS production.  

Identification of these compounds eludes researchers because they are developed and released 

quickly with little indication to law enforcement until they come across them in their casework.  

In fact, from the period of 2004-2015, over 418 NPS were known to have been detected by the 

Early Warning System of the European Union, and over 100 NPS were identified in the year 

2014 alone.12  In 2009, the first time NPS were present in the U.S., over 250 NPS were 

identified.12  The sudden growth has attributed to health and safety issues for the public, 

especially with the limited resources for identifying these compounds as they are released to the 

public.  Methods developed for the parent compounds that the NPS are derived from are catered 

more towards a single class of drug such as amphetamines, opiates, and cannabinoids.  It is 

easier to develop methods for single classes of drugs because they are similar in chemistry to 

each other. Multiple drug analysis is more difficult due to the variation of chemistry and 

structures. A main goal of this research is to reduce the gap of knowledge for multiple drug 

analysis of NPS and drugs of abuse by use of triple quadrupole (QQQ) MS and a microfluidic 

device (MFD). 
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CHAPTER 2 

2. Review of Relevant Techniques 

2.1. High Performance Liquid Chromatography - Mass Spectrometry Analysis of Multiple Drugs 

Mass spectrometry, coupled with analytical techniques such as high-performance liquid 

chromatography (HPLC), have revolutionized drug analysis for forensic purposes.  In 

combination, HPLC-MS has led to multiple methods developed for the analysis of specific 

classes of drugs such as opiates, cannabinoids, and amphetamines.  The development of multiple 

drug analysis is difficult because of the different characteristics and chemistry of the various 

types of drugs.  However, as technology continues to develop, methods of multiple drug analysis 

are beginning to arise.  First, a general understanding of mass spectrometry and HPLC is 

covered. 

Mass Spectrometry (MS) is a leading analytical technique in compound identification and 

characterization, and has progressed greatly since the first MS experiments completed by Wien 

and Thomson in 1898, where they were able to obtain the first mass spectrum of the hydrogen 

atom.13  Mass spectrometry can be summarized by three main stages: ionization, mass analysis, 

and detection.  Analytes are induced with a charge in the ionization stage, separated via their 

mass-to-charge ratios (m/z) during the mass analysis stage, and the mass-to-charge ratios are 

recorded in the detection stage.  The final output is the mass spectrum, which is a plot of the 

relative abundance of ions vs. the mass-to-charge ratios (m/z) for a given mass range.  The 

development of multiple techniques in each of these stages has led to many combinations of 

instruments and techniques for different methods of analysis.  In this section, the general 

principles of mass spectrometry are reviewed. 
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2.1.1. Ionization Methods 

Until the late eighties of last century and the development of “soft” ionization techniques 

like electrospray ionization (ESI)14 and matrix-assisted laser desorption ionization (MALDI),15 

MS relied on electron ionization (EI) and chemical ionization (CI) as ionization techniques. 

These techniques are still very valuable but have limitations with regard to the range of analytes 

that can be handled. EI generates radical cations (molecular ions), while the nature of the ions 

generated in ESI (protonated/deprotonated, Na+ -, K+ -adducts, etc.) depends on the 

characteristics of the analyte and on the experimental conditions used. ESI is considered a “soft” 

ionization source, meaning that relatively little energy is imparted to the analyte, and hence little 

fragmentation occurs, whereas EI most often fragments the molecular ion into product ions. 

The choice for a certain ionization technique is mainly dependent on the polarity in 

solution and proton affinity in the gas phase of the analytes that can be expected in the sample.16 

Therefore, for the type of analytes used in this dissertation, ESI is the ionization technique that 

provided the best ionization method.  

2.1.1.1. Electrospray Ionization 

The electrospray ionization process introduces a positive or negative charge through 

various pathways.  Positive charge is achieved through the gain of a proton, loss of an electron, 

or adduct formation with common positive ionic species such as sodium or potassium.17,18  

Conversely, a negative charge is achieved via loss of a proton, gain of an electron, or adduct 

formation with negative ionic species such as chloride.17,18   

Electrospray ionization (ESI) is a prominent soft ionization technique that allows the 

analysis of both small (<1000 Da) and large molecules (up to 100,000 Da) and enables the coupling 

of the mass spectrometer to other instruments such as high-performance liquid chromatography.   
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In general, ESI involves three steps: (1) dispersal of fine spray charge droplets: the 

analyte solution pass through a capillary voltage where a mist of highly charged droplets with the 

same polarity is generated. The charge accumulation generated the exit of the electrospray tip 

into the source forms a Taylor cone as it exits. The application of a nebulizing gas, usually 

nitrogen, enhances a continuous flow rate through the capillary voltage., (2) solvent evaporation: 

The charged droplets, with the aid of a stream of nitrogen drying gas, are continuously reduced 

in size by solvent evaporation leading to an increase of surface charge density and a decrease of 

the droplet size. (3) Ion ejection from the highly charged droplets:  The accumulated surface 

charges in the shrinking droplet volume reaches a critical point at which it is kinetically and 

energetically possible for ions at the surface of the droplets to be ejected into the gaseous phase 

The accumulated surface charges in the shrinking droplet volume reaches a critical point 

that leads to Coulomb explosions/droplet fission, when the mutual repulsion of charges is high 

enough to overcome the surface tension of the droplet, it is kinetically and energetically possible 

for ions at the surface of the droplets to be ejected into the gaseous phase 

It is in this next step where the emitted ions reached the skimmer cone and are accelerated 

into the mass analyzer for subsequent analysis of molecular mass and measurement of ion 

intensity.19   

 There are two different theories that are accepted by the scientific community for the 

transition from charged droplets to ions: the Charged Residue Model and the Ion Evaporation 

Model.17,20–22  Both models involve droplets being released from the Taylor cone via coulombic 

fission and decreasing in size as the solvent evaporates.  However, the two models differ in how 

the ions can be generated from charged liquid droplets 

 

 



   

10 
 

2.1.1.1.1. Charged Residue Model – Dole  

In the charged residue model (CRM), the highly charged droplet formed via coulombic 

fissions evaporates, losing charge as the radius decreases, until there is no more solvent and a 

single molecule remains.  As the final layer of the droplet solvent evaporates, the charge 

transfers to the molecule, and thus the ion is formed and transmitted to the inlet of the 

MS.15,18  This model is observed mainly in large macromolecules such as proteins because the 

size of the molecules limits the number of molecules that can exist in the droplet.16  In summary, 

the focus and deviating attribute of this model is the formation of a nanodroplet containing the 

single molecule which then receives the charge via complete evaporation of the solvent. 

2.1.1.1.2. Ion Evaporation Model – Iribarne and Thomson 

The ion evaporation model (IEM) focuses on the release of ions from the highly charged 

droplet after coulombic fissions disengage it from the Taylor cone.  Instead of the solvent 

evaporating to a single molecule, this model theorizes that at a certain droplet radius, the field 

strength at the droplet surface is sufficiently large that solvent ions can be expelled from the 

droplet.  and into the MS inlet.  These forces surpass the required energy to enlarge the surface of 

the droplet very rapidly when the solvated ion is expelled. This is the accepted model for small 

molecules and focuses on the analytes characteristics. 

2.1.2. Mass Analyzers 

The mass analyzer has an important effect on mass spectral information. The accuracy 

and resolving power of the instrument determine whether only the nominal mass can be 

measured or whether it also allows determination of an elemental composition. For the selection 

of the mass analyzer used in these studies, the following concepts are reviewed. 
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2.1.2.1. Mass Measurement Accuracy 

Mass measurement accuracy (MMA) determines the amount of error the mass 

spectrometer exhibits for a particular ion measured.  The equation for MMA is 

!!" =
$%&'($)*%+

$)*%+
(2)

where Mexp is the experimentally measured mass and Mtheo is the calculated exact mass expected 

for the compound.  The MMA helps determine how well the mass spectrometer is performing in 

identifying the correct mass value per ion.  MMA is essential for determining the molecular 

composition of ions.  There is an allowable ppm error per mass analyzer where composition of a 

compound can still be identified.  For example, the Agilent 6520 quadrupole-time-of-flight mass 

spectrometer used in Vinueza Labs has accurately identified a compound as long as the ppm 

error is within ±5.  This means the Agilent QTOF Mass Hunter software is able to generate 

several molecular formulas of the measeured m/z value could be. Backgorund information of the 

analyte and isotopic distribution will help eliminate some of the generated formulas, to narrow 

down our search for the identy of the our analyte of interest.  

2.1.2.2. Resolution and Resolving Power 

The separation observed in a mass spectrum is referred as mass resolution. Mass 

resolution is defined as “the observed m/z value divided by the smallest difference ∆m/z for two 

ions that can be separated.”23 (1) This is the International Union of Pure and Applied Chemistry 

(IUPAC) mass spectrometry definition which was updated in 2013.23   

/ =
0

∆0
=	

0 3⁄

∆(0 3⁄ )
(1) 

The ability of an instrument to resolve neighboring peaks is called mass resolving power. 

The resolving power is obtained from the peak width at a specific percentage of the peak height 

expressed as a function of mass. Two neighboring peaks are considered be separated when the 
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valley separating their maxima has decreased to a 10% of their intensity For this work, the 

resolving power  is obtained to a specific peak height of either full width at half maximum or 

10% of their intensity. The terms resolving power and mass resolution are often used 

interchangeably but are truly different properties that define instrument and method related 

performance.  

There are several types of mass analyzer available. The mass analyzers that were used for 

the experiments in these studies are a Triple Quadrupole (QqQ) and a Linear Ion Trap (LTQ). 

These instruments were used since they provide high sensitivity and tandem mass spectrometry 

capabilities. 

2.1.2.3. Triple Quadrupole Mass Analyzer 

A triple-quadrupole mass analyzer, also known as QqQ, is a tandem mass spectrometer 

consisting of three quadrupoles, The first and third quadrupoles act as mass filters and the second 

causes fragmentation of the analyte through interaction with a collision gas. Several concepts of 

the quadrupole mass analyzer are described in the following section. One of the advantages of a 

QqQ is the capability is having a multiple reactions monitoring (MRM) scan mode for 

identification of several analytes in a single run. MRM will be described in section 2.2.3.3 

2.1.2.3.1. Quadrupole Analyzers 

Quadrupoles are mass analyzers that consist of an assembly of four parallel metal rods, 

preferably rhombic or hyperbolic, that are kept at an equal distance (Figure 2). Each pair of 

opposite rods is connected electrically. An equal but opposite DC voltage superimposed with a 

radio frequency (RF) AC voltage is applied to the diagonally placed pair of rods.     
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Figure 2. Schematic of a quadrupole consisting of four metal rods parallel to each other. 

The method of separation depends on the stability of the ions’ trajectories in the 

fluctuating electrical fields as they traverse the quadrupole.  The electrical fields are produced by 

an alternating radio frequency (RF) potential (V), which includes a zero-to-amplitude radio 

frequency (RF) and angular frequency (ω), and a direct current (DC) potential (U) superimposed 

on each other, allowing the quadrupole to be tuned to a specific m/z value or a range of m/z 

values.18   

The resulting electrical field causes the ions to travel forward in the z-axis, or the axis 

parallel with the rods, and maintain their velocity while being affected by a oscillatory motion in 

the x and y plane  imposed via the RF/DC combinations of the quadrupole rods.18  Ions traveling 

along the z-axis will not be filtered out as long as the oscillatory amplitudes in the x and y 

directions are less than the radius (r0) of the space between the four rods of the quadrupoles. On 

the other hand, if the oscillatory amplitudes of the ion are larger than r0, they hit the metal rods, 

get neutralized and filtered out.  This is represented by the Mathieu stability diagrams and the 

Mathieu equations.   

The Mathieu equations represent the direct current (au) and the alternating radio 

frequency current (qu) of a quadrupole.  All terms of the equation are constant except for U and 

V, the potentials of the DC and RF parameters respectively.  Thus, by manipulating these 

parameters, the quadrupole is tuned to filter any ions of interest and remove any excess ions.  
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Plotting au vs. qu provides the Mathieu stability diagram for a specific ion of m/z value.  These 

stability diagrams represent at what combination of U/V the ion of a certain mass (m) has a stable 

trajectory, and each ion has its own representative diagram (Figure 3).  The operating line of the 

quadrupole, depending on the desired resolution, needs to fall within the diagram for the ion to 

be observed.  If U is zero there is no resolution and all ions are scanned by the quadrupole.  

Increasing the slope of the operating line (increasing U) increases the resolution.  The goal is to 

have the operating line traverse through the top most portion of the stability diagrams for the 

mass range desired since this will be the highest resolution possible for that given range.  Of 

course, this is controlled by most commercial instruments through the provided program and not 

by an analyst’s direct control of the DC/RF potentials, thanks to the improved technology today. 

 

Figure 3. Mathieu stability diagrams for three different ions of mass (m1 < m2 < m3).  The operating line 
(red) falls through the top portion of the diagrams for the highest resolution capable if all three ions are to 
be observed. 

Quadrupole instrumentation require high vacuum (low pressure) system to reduce the 

number of collisions between ions so limited loss of ions of interest occurs.  If ions collide 
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excessively with each other they can be discharged against the quadrupole rods, an effect that is 

observed if there is an insufficient vacuum.  

2.1.2.3.2. Tandem Mass Spectrometry  

In a typical tandem quadrupole system there are three quadrupoles set up in a linear 

fashion, often called “triple-quad” (QqQ-MS), the analyte ion of interest (usually called the 

precursor ion) is mass-selected by the first quadrupole (Q1) and allowed to collide with a 

collision gas (usually argon or nitrogen) in a second RF-only  (U = 0) quadrupole collision cell 

(Q2), where the precursor ions are activated by collision and undergo further fragmentation. This 

process is known as collision-induced dissociation (CID).  The daughter ions resulting from CID 

are related to the molecular structure of the ions and can be monitored by a third quadrupole 

mass analyzer (Q3).  

CID is a technique where a gas, usually nitrogen or argon, is introduced into the collision 

cell (Q2) where the molecules of the target gas collide with the analytes.  The energy produced 

via these collisions is converted into internal energy. This excess of internal energy causes the 

bonds of the ions to cleave in a unique fragmentation pattern due to their organic group 

functionalities (e.g., ketones, amines, etc.). Thus, this provides structural information of the 

molecular ions improving the identification of compounds.   
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Figure 4. Schematic of three quadrupoles in tandem observed in QQQ-MS. 

There are multiple advantages to this arrangement of quadrupoles such as multiple 

scanning choices for analysis.  There are four scan types in QqQ-MS: product ion scan, precursor 

ion scan, neutral loss scan, and selected reaction monitoring.  A product ion scan is where a 

selected m/z value is chosen in Q1, fragmented in Q2, and the fragments of the targeted ion are 

scanned in Q3.  A precursor ion scan is where Q1 scans all ions, Q2 fragments, and Q3 scans for 

a selected fragment.  The program will then provide a spectrum of the compounds from Q1 that 

lost that fragment.  A neutral loss scan is where both Q1 and Q3 are scanned, however Q3 scans 

at an offset mass to identify compounds with common neutral losses such as water.  Selected 

reaction monitoring is where a particular ion is selected in Q1, fragmented in Q2, and specific 

fragments are scanned in Q3 for confirmed identification of the analyte of interest.24   

2.1.2.3.2.1. Multiple Reaction Monitoring 

Multiple reaction monitoring is similar to selected reaction monitoring in that instead of 

one ion being scanned in Q1 followed by scanning of its chosen fragments (product ions) in Q3, 

multiple ions are scanned, fragmented, and specific fragments are scanned in a series of MS 
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analyses.  Sensitivity is enhanced in MRM because the instrument is tuned with a specific 

DC/RF combination for each ion, ensuring no interference or bias in the analysis from all other 

ions not relevant at the given time.  It also allows for the identification of multiple product ions 

for a single precursor, further confirming the identification of a compound.25  This is the 

qualifying feature of QqQ mass spectrometry that makes it the gold standard for quantitation 

even though it is a low resolution instrument. 

2.1.2.4. Ion Trap Mass Analyzers 

A ThermoFisher Scientific Velos Pro Dual-Pressure Linear Ion Trap (LTQ) was seated in 

Vinueza Labs in May of 2018, which opened the door for other drug analysis opportunities with 

the microfluidics device using a different mass spectrometer. (At this time, the MFD has been 

coupled to a quadrupole time-of-flight MS, a QqQ-MS, and an LTQ-MS.) A product study was 

completed for Puritan Medical Products®, the main collaborator for the commercial swab 

analyses, and is included in this work. 

Ion trap analyzers do exactly what their name states – they trap ions within a confined 

space by use of an electrical field caused by quadrupole rods that are capped at the ends by 

electrodes. They are trapped via the quadrupolar field induced by the rods as well as the 

electrical field produced by the end electrodes.18,26 Ions are accumulated for a certain amount of 

time, and a range of m/z values is scanned by changing the quadrupolar field so ions are ejected 

to reach the detector for compound elucidation. There are two types of ion traps: 2D and 3D. The 

ion trap used in this work is a 2D ion trap, also known as linear ion trap (LIT), will be only 

discussed.  

2.1.2.4.1. 2D Ion Trap Mass Spectrometers 

The 2D ion trap analyzer is an analyzer based four-rod quadrupole ending in lens that 

repel the ions inside the rods.  The quadrupole rods trap the ions radially (xy-direction) via 
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DC/RF voltage combinations. The end lenses have DC voltages applied, forming an electrical 

field.18 These end lenses repel the ions back into the quadrupole to trap them axially (z-direction) 

and are provided a current in the opposite polarity in which ions are being analyzed: positive or 

negative. The ions are stored in the trap of the quadrupole along a line due to the repelling by the 

end electrodes, and oscillate radially due to the quadrupolar field.18 Location of the ions within 

the trap depends on the strength of the voltages applied to the end lenses. If they are equal in 

strength, the ions are condensed and stored in the center. If the voltages are not equal, the ions 

will move towards the end with the weaker strength. The ions are cooled via collisions with 

helium (He) gas that flows through the traps to supplement the vacuum. This reduces the chance 

of ion loss via discharging on the quadrupole rods.18 

Once ions have accumulated over a certain period of time as dictated by the analyses, 

they are then ejected from the trap an m/z value at a time for detection. There are two types of 

ejection from a 2D ion trap: axial ejection or radial ejection.18 Axial ejection uses the fringe field 

that results from changing the current applied to the rods and expulses the ions through the end 

lens. Radial ejection involves two rods of the quadrupole that are opposite from each other that 

have narrow slits carved through for the ions to pass to the detector(s). When the time comes for 

ions to be detected, a current is applied to the rods and the ions exit through the slits as the RF 

voltage is changed.18 Most 2D ion traps that eject radially will have two detectors, one by each 

exit, to improve ion detection efficiency. 

2.1.2.4.2. Components of a Dual-Pressure Linear Ion Trap 

For the ThermoFisher Velos Pro used in this study, the molecules are ionized on a Heated 

ESI (HESI) source. Ions are then drawn into the transfer tube in the atmospheric pressure region 

and transported to the skimmer region of the vacuum manifold by a negative pressure gradient. 

The ions pass through a series of multipoles and lenses for focusing, improving the sensitivity. 
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Neutrals molecules are removed via a rotated multipole, where only ions will stay within the 

rods. The ions then enter the first trap. The instrument used is a dual-pressure linear ion trap that 

consists of two traps separated by a lens: a high-pressure cell and a low-pressure cell. The ions 

move between the cells via the pressure differential, and the addition of the second cell allows 

for increased sensitivity.26 The second cell is where ions exit the slots for detection. The Velos 

Pro has four exit slots – one in each rod – in a symmetric geometry for maximum efficiency in 

ion detection.26  

2.1.2.4.3. Tandem Mass Spectrometry with the Velos Pro 

The Velos Pro can be used for structure elucidation via fragmentation of compounds. In 

the first trap, all ions enter and are accumulated. Then, RF voltages are scanned until only the 

precursor ions for fragmentation remain. Fragmentation is induced by the collision of the ions 

with helium gas. Changing the secular frequency by manipulating the RF voltages of the end 

electrodes can increase ion movement, thus providing harsher collisions with more energy.26 The 

fragments for the precursor ion can then be scanned via a range of RF voltages, or a fragment ion 

can be selected and further fragmented for a more in-depth understanding of the structure of the 

compound. Ion traps have the unique ability to perform MSn experiments which enables full 

structure elucidation if so desired.  

2.1.3. High Performance Liquid Chromatography 

High-performance liquid chromatography (HPLC) is a high-pressure separation 

technique that involves a stationary phase and mobile phase to interact with analytes and separate 

them via their interactions with both phases.  There are two types of HPLC: normal-phase and 

reversed-phase.  Normal phase chromatography consists of a polar stationary phase and a more 

nonpolar mobile phase while reversed-phase chromatography consists of a nonpolar stationary 

phase and a more polar mobile phase.  Reversed-phase is the most common type of HPLC used 
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today.25  There are many types of nonpolar columns used such as C18-silica columns which 

consist of silica bonded with carbon chains 18 carbons long as well as biphenyl columns which 

are useful for separating aromatics.  The mobile phase can consist of multiple types of nonpolar 

solvents, such as acetonitrile or methanol, mixed with a proportion of water to provide a specific 

amount of polarity to initiate separation.  The analytes will separate with the most polar analytes 

eluting first since they will be most affected by the amount of water in the mobile phase 

compared to the more nonpolar analytes.   

The efficiency of a HPLC method depends on the flow rate of the mobile phase, the 

content of the mobile phase, the particle size of the stationary phase, and the time it takes for the 

analytes to separate and elute.25  HPLC deviates from normal LC because the smaller columns 

mean higher pressure is experienced, thus systems must be equipped to handle these pressures.  

Method development involves multiple analyses of how the different proportions of solvents A 

and B (the most common way to name them with A representing water) affect the separation of 

analytes.  Isocratic elution, where the proportion of A and B in the mobile phase is kept constant 

the entire run, is the best place to start to determine how the analytes in a mixture will be 

separated.  A gradient elution, where the proportions of solvents A and B change at certain time 

intervals, can then be applied to reduce the analysis time, making the overall process much more 

efficient.25  

The separation efficiency of analytes in a mixture depends on the same factors that make 

the HPLC technique efficient.  The resolution for a column can be depicted by measuring the 

width at half the height of a peak and dividing it into the time or volume that it took to separate 

two peaks multiplied by a factor of 0.589 (Equation 5, where tr represents the retention time of 

the compound, or the time it takes for a compound to traverse the column).25  This equation is 

usually used because measuring the peak at half the height is easier than the base, especially if 
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determining the resolution between unresolved peaks where the baseline could be difficult to 

identify for a peak.25 

/9DEFGHIEJ = 	
0.589∆HO
P?.QRS

(5) 

Resolution is increased when the particle sizes of the stationary phase are small and the 

flow rate is relatively high.  The length of the column also determines the resolution by 

introducing more theoretical plates if the length of the column is increased or width of the 

column is decreased.  Plate height (H) or the height equivalent to a theoretical plate (HETP) is 

“the length of column required for one equilibration of solute between mobile and stationary 

phases,” and is used to quantitate the efficiency of a column.25  The number of plates on a 

column (N) is the length (L) of the column divided by the plate height (H), where the plate height 

is the proportionality constant between the variance (σ2, where σ is the standard deviation) and 

distance a band for a particular analyte has traveled through the column (x) (Equation 6).  Since 

the number of plates on a column is a dimensionless parameter, the equation can be rearranged to 

include the retention time (tr) and the width at half-height (w0.5) of a peak for simplistic 

calculation of N (Equation 7). 
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The column and flow rate, as previously stated, can affect the plate height, and is represented by 

the van Deemter equation (Equation 8).25  Each term in the equation represents a different 

parameter for the particles traversing the column with A, B, and C being constants and ux being 

the linear velocity of analytes.  A is the multiple paths term and represents the different paths 

particles in the column can maneuver.  B/ux is the longitudinal diffusion term and represents how 
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a particular analyte band in the column diffuses in response to the linear velocity.  Cux is the 

equilibration time or mass transfer term and represents the time it takes for an analyte to 

equilibrate between the mobile and stationary phases within the column.  When these three terms 

are graphed (plate height vs. flow rate), the representative function shows how different flow 

rates can affect the plate height for a specific column.25 

T ≈ " +	
]

G^
+ _G^ (8) 

2.1.3.1. Multiple Drug Analysis Using HPLC-MS 

Many methods using HPLC-MS have been developed to analyze specific drugs of abuse 

such as opiates, synthetic cannabinoids, amphetamines, and cocaine.27–33  The technique most 

utilized for these methods are tandem MS with MRM via QQQ-MS analysis because of its 

ability to identify multiple product ions for a particular precursor ion, increasing the probability 

of identifications.  In one study, a LC-MS/MS method was developed to analyze 100 analytes in 

urine that are common in drug-facilitated crime (DFC) such as drug-facilitated sexual assault 

(DFSA).27  One method was in positive mode to identify the more acidic compounds, and the 

second method was in negative mode to identify the more basic compounds.  They utilized 

MRM to solidify confirmation of identification of the compounds of interest by using two 

qualifying product ions per precursor ion.31  Eckart et al. developed a polarity switching HPLC-

MS/MS method for the separation and identification of natural and synthetic cannabinoids from 

blood spots.29  Extracting analytes from bodily fluids such as blood and saliva is a key aspect of 

many of the current HPLC-MS/MS methods that are developed.  Another study focused on the 

analysis and detection of multiple opioids from bodily fluids as well.29  Their method separated 

35 opioid compounds and their metabolites using LC-MS/MS from urine, femoral blood, and 

cardiac blood.32  A study by Sergi et al. recovered multiple types of drugs of abuse from both 
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plasma and oral fluids for high recovery and identification percentages and is one of the first 

studies to incorporate identification of multiple classes of drugs instead of only one class.34 

The list of studies utilizing HPLC-MS/MS for drug analysis is extensive and covers a 

variety of commercial HPLC and MS systems from a variety of manufacturers.  This bodes 

positive for forensics as these methods continue to be developed and validated for use in relevant 

criminal cases.  The next phase is to simplify other processes within these methods to simplify 

analyses and decrease experiment time.  In the next section of this review, a new technology to 

forensic science is reviewed. 

2.2. Microfluidic Extraction Device 

2.2.1. Microfluidic Devices and Forensic Science 

Microfluidic devices are new to forensic science, but they have already made their mark 

as a useful technique for on-scene and in-lab analyses.  There are multiple types of MFDs that 

vary from end-use to fabrication, however their main goal is to miniaturize chemical and 

biological processes for reduced use of chemicals and samples.35 Since a key goal of forensic 

scientists is to ensure the integrity of the evidence, MFDs’ small requirements make them 

attractive to this field. 

Microfluidic technology stems from micro components utilized in ink jet printers, HPLC 

and gas chromatography systems, and microelectronics.35,36  Fabrication of these devices have 

metamorphosed over the years, starting with the development of soft lithography which led to 

the creation of micro-mixers, valves, and pumps for the devices. 35,37  Most MFDs consists of 

locations for sample introduction, reagent introduction, and mixing of the two for analysis, 

followed by a device for detection or a visual response to a certain reaction of the reagent and 

sample mixing such as a color change or crystal formation.36  Movement of fluid is 

supplemented by pressure differentials throughout the MFD to move analytes from areas of high 
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concentration to low concentration for analysis depending on the desired outcome of the 

device.38  Another key characteristic of microfluidic devices is the high surface area to volume 

ratio (SAV).39  High SAV means there is a shorter distance for transport of a variety of 

parameters such as heat and mass, allowing for better control of both parameters.40–44   

Two fields of forensics that has benefited the most from the development of MFDs are 

DNA analysis and drug analysis.  Faster, more efficient identification and separation techniques 

have been employed to further extend the ability of forensic scientists in lab and on the field. 

2.2.1.1. MFDs and DNA Analysis 

One of the largest areas of forensic evidence is DNA.  DNA evidence is a reliable source 

for tying a person to a crime since it is unique to an individual.  MFDs for different applications 

of DNA analysis have been constructed and are used regularly to perform procedures for DNA 

separation, extraction, amplification, and quantitation such as polymerase chain reactions 

(PCRs), capillary electrophoresis, and rapid analysis of short tandem repeats (STR).40  Most are 

fabricated in either glass, polymers such as PDMS, or some combination of the two, and, 

depending on the application, incorporate temperature, pressure, and voltage controls.39,45  All 

MFDs in this area are focused on optimizing and rapidly analyzing DNA as DNA evidence is 

crucial as well as frequent in many cases. 

2.2.1.2. MFDs and Drug Analysis 

The use of MFDs for drug analysis is relatively new to forensics.  MFDs for applications 

such as chemical synthesis and drug discovery have been developed.46  Devices developed for 

drug discovery focused on specific steps of the process such as extraction, separation, and 

detection to supplement analysis.39  For chemical synthesis, fabricated chips are created in the 

shape of a T or a Y to mix starting chemicals for a specific reaction.34  This gives the scientist 

control over the concentrations used and produced in synthesis.   
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Most focus, however, is on quick screening MFDs for on-scene and in-lab analysis and 

range from detecting only a single compound to a class of compounds.  They benefit on-scene 

analysis by providing crime scene investigators with substantial information of the crime scene 

regarding drug presence, and in-lab analysis by facilitating understanding which direction further 

confirmatory analysis should be completed for characterization of unknown trace 

evidence.37,39,45–48   

Multiple MFDs for drug screening and presumptive testing have been developed.48  Some 

methods involve color and crystallinity tests to differentiate between compounds of various drug 

classes while others combine with specific detectors for data output.  In one study, Sheng et al. 

developed a microchip for separation and identification of 12 narcotics using a rapid high-

performance ultraviolet (UV) detector and data processor.48  Capillary electrophoresis separated 

the compounds in 200 seconds, making it a rapid identification technique.45  Another study 

targeted four common drugs of abuse - methamphetamine, amphetamine, cocaine, and 

oxycodone – and developed a MFD that combined already used test reagents for color and 

crystallinity tests for identification.45  The test reagents, Marquis, Simon, and cobalt thiocyanate, 

are already used daily by crime investigators.  Developing a MFD the size of a microscope slide 

where all three color tests plus a crystalline test can be done simultaneously provided a tool for 

both crime scene investigators and forensic lab analysts.37  Musile et al. also utilized color tests 

to create a six-channeled, paper-based MFD for simultaneous presumptive testing of a variety of 

drugs of abuse on scene by non-experts.  The device is the size of your common postage stamp 

with analysis time taking only up to five minutes.34,49   
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2.2.2. The XTract-iT 

 

Figure 5. The XTract-iT. 

The MFD used in the proposed research is an automated extraction device – the first of 

its kind (Figure 5).  It was developed by a collaboration between the Precision Engineering 

Consortium (PEC) and the Department of Textile Engineering Chemistry and Sciences (TECS) 

in the College of Textiles.  Its original purpose was for the forensic analysis of minute-sized 

fibers.34  During fabrication of the device, the focus was the automated extraction of disperse 

dyes from fibers.  This process involves the use of pressure caused by nitrogen gas flow to move 

the extraction solvent, buffer fluid, and the extracted sample through the closed system and out 

of the MFD.  A unique aspect of the device is its ability as a standalone extraction device as well 

as its ability to combine with an analytical instrument such as mass spectrometry.  This ability is 

what sparked Vinueza Labs research group to utilize it and further expand the applications that 

the device can be applied to.   

2.2.2.1. Parts and Sample Preparation 

The MFD has an extraction chip with a removable microfluidic cavity where the 

extraction process occurs.  The chip design includes two air inlet ports for nitrogen gas flow, a 

solvent inlet/outlet port where the fluid enters and exits to reduce sample loss, and a holding post 
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for the sample positioning.  Since the original purpose of the MFD is to extract dyes from fibers, 

the chip cavity material was chosen to withstand pyridine, a strong nonpolar solvent.  The 

flexible material is a perfluoro elastomer (FFKM) and allows the use of multiple solvents with 

no degradation effects of the system.34  A frit between the chip cavity and the rest of the MFD 

system withholds any large contaminants that could clog the system, introducing a filtering 

location for a final cleansing of the solution before it is introduced to the MS via the sample out 

line.  A surface tension barrier ensures no solution will infiltrate the air inlet/outlet locations, 

reducing spreading of the sample within the cavity.  

Sample preparation for analysis is as follows.  First, the cavity is placed within the chip 

(Figure 6A).  Using tweezers, the sample is placed on the sample post (Figure 6B) and then a 

glass cover is put on top to hold the sample in place as well as to seal the system (Figure 6C).  

The sample chip is then ready for insertion (Figure 6D) into the MFD which is comparable to 

inserting a USB into a computer (Figure 7A).47   

 

Figure 6. Sample placement example on MFD sample chip.34 

When the sample chip passes into the MFD, it breaks the beam switch which initiates the 

release of the pneumatic cylinder, bringing the PEEK block and heater assembly down onto the 

sample chip over the cavity (Figure 7B).  This ensures a closed system for no sample loss and the 

analysis can begin. 
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Figure 7. Chip insertion into the MFD (A), and the components of the MFD system that initiates the release 
of the pneumatic cylinder as the chip is inserted (B).23 

2.2.2.2. Program Selection 

Once the sample chip is inserted, a preset program is selected from an in-house made 

computer program.  The run selected for this study is titled “null test” and consists of four 

“flushes” of the sample.  During a flush, 10 µL of solvent enter the cavity with the sample to 

extract the analytes.  Then, nitrogen gas is used to push the extraction through the tubing and out, 

either to be collected or directly injected into an analytical instrument.  If directly injected into 

the MS, a total ion chromatogram (TIC) is used to monitor the number and length of time of each 

flush of solvent for the extraction. Both parameters can be changed in the computer program’s 

user-friendly interface.  The TIC shows a live feed of the total signal the detector is receiving.  

This profile can vary depending on the length of time the sample is flushed with solvent.  Direct 

analysis by MS can be used to optimize the MFD extraction process via monitoring of analytes 

of interest as they exit the device.  The intensity can be monitored to ensure no carryover from 

sample to sample.  Multiple flushes extract as many analytes as possible from the small 

substrate. 

2.2.2.3. Vinueza Labs Modifications 

Vinueza Labs has had a vital role in the modification of the final generation of the 

XTract-iT to improve the versatility and reproducibility.  A cleaning system introduced via use of 
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a syringe, syringe pump, and a cleaning cavity to flow isopropyl alcohol through the system 

further combats any carryover between samples during analysis.  A rotary valve in the MFD 

allows switching between the cleaning array and the sample analyses array.  The length of time 

for cleaning depends on the analytes and can be monitored via the mass spectrometer to ensure 

complete removal of analytes.   

The software was modified as a result of these changes and an introduction of a separate 

test besides the sample run was created to ensure cleanliness of the device through a blank run 

without heat or use of strong solvents, titled “Null” test.  Facilitated manipulation of the 

parameters of the MFD, such as temperature, sample eject time, the number of buffer fills, and 

the time of extraction, were also added in the program and ensures the use by any educated level 

user and not just seasoned program scripters.  A step-wise representation in the computer 

program for all tests ensures the analyst has completed each step before moving to the next 

process for cleaning or sample analysis.   

 

Figure 8. Software program image of the main access page where the different parameters of the XTract-
iT can be altered, and the steps of the runs can be observed during extraction. 
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The knowledge provided by Vinueza Labs researchers also led to the choices in materials 

for the device, allowing for multiple solvents to be used for different types of analyses.  This 

expanded the applications of the invention from just the extraction of disperse dyes from fibers, 

making it a viable option for scientists in the future for extraction of trace amounts of analytes 

from substrates.   
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CHAPTER 3 

3. Method Comparison for the Extraction and Identification of Illicit Drugs Using 

Microfluidics and Mass Spectrometry 

3.1. ABSTRACT 

NPS are new illicit substances that are currently causing public health issues. A novel 

automated microfluidic device that extracts analytes from samples at reduced solvent and sample 

use was successfully paired with a liquid chromatograph - triple quadrupole mass spectrometer 

for the identification of 62 drugs of abuse and new psychoactive substances (NPS) for use in a 

forensic investigation. Two separate methods, a screening method (MFD-MS) and a conclusive 

method (MFD-Col-HPLC-MS) for accurate identification of compounds introduce a foundation 

for NPS analysis. With the success of these qualitative results, and the knowledge that triple 

quadrupole mass spectrometry provides quantitative results, these methods pave the way for 

future NPS quantitation method development with simplified extraction techniques.  

3.2. Key words:  

Forensic science, multiple drug analysis, microfluidics, mass spectrometry, new 

psychoactive substances, high performance liquid chromatography 

3.3. Introduction 

New psychoactive substances (NPS), or “designer drugs,” are synthetic modifications of 

controlled compounds that are created to circumvent legislative controls for their use as 

recreational drugs. As a result, distributors and consumers of these compounds are unaware of 

the type, quality, and hazards of these substances, putting societal health at risk.7,12 Since their 

emergence in the early 2000s, the number of NPS identified has increased significantly. During 

2009-2015, 250 new synthetic substances were identified in the U.S, and from 2005-2014 the 

European Union Early Warning System identified 418 NPS emerged around the world with 101 
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substances identified in 2014 alone.7,12 The number of NPS in society continues to grow, 

however it is difficult for forensic investigators to keep up with the new trend because they are 

unaware of these compounds until they come across them in their case work. Thus, it falls to 

researchers to identify new technologies and methods of analysis to simplify identification and 

characterization of these compounds.  

Current analytical methods for NPS use mass spectrometry for identification combined 

with other analytical techniques for extraction and separation of the analytes such as high 

performance liquid chromatography (HPLC) and solid phase extraction (SPE).30,50,51 Mass 

spectrometry (MS), high or low resolution, offers great sensitivity and versatility. Tandem mass 

spectrometry (MS/MS) provides structural characterization based on how compounds fragment 

and proves to be efficient in NPS identification.30,50,51 MS method development incorporates 

many analytical techniques for sample preparation. Sample preparation defines the efficiency of 

the technique and new technologies should be investigated to improve upon this area as well. 

A new technology of focus for forensic drug analysis is microfluidic devices (MFDs). 

Other names include lab-on-a-chip (LOC) technology and micro total analysis systems (μTAS).52 

MFDs miniaturize chemical and biological processes to reduce sample consumption and solvent 

use for different analyses such as presumptive drug testing, DNA amplification, and dye 

extraction.37,39–42,45,49,53 With the introduction of microscale devices for immediate analyses at 

crime scenes or in the lab, there is potential for a decrease in overall analysis time.  

Here-in we present the combination of microfluidics, liquid chromatography, and mass 

spectrometry for the analysis and characterization of drugs of abuse and NPS.  
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3.4. Materials and Methods 

3.4.1. Microfluidic Extraction Device   

The MFD used in this study was developed and fabricated in-house.49 Its original purpose 

was for dye extraction from fibers, but it is currently being tested for applications such as ink 

analysis from questioned documents and analysis of textile dyes from trace fibers.49,54  Benefits 

of this device include a user-friendly interface, simple sample preparation, and fast, automated 

extraction.  It can  directly connect to an analytical instrument via tubing lines, and it is made of 

durable materials to withstand strong solvents such as pyridine.49  With its rather small size and 

weighing under 10 lbs, the device can be easily transported by an individual while remaining 

robust in its performance. 

The key components of the device are the sample chip, the chip cavity, the cleaning 

cavity, and the solvent bottles.  These are the only parts in which an analyst will come in contact 

with unless doing maintenance on the device.  The rest is concealed and automates the extraction 

process.  Externally, the device is connected to an industrial grade nitrogen (N2) tank (Arc3 

Gases, Raleigh, NC), a laptop computer that includes the software program that controls the 

device, and an outlet of the lab for power.   

 

Figure 9. The microfluidic extraction device with dimensions. 
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3.4.2. Chip Cavity – Main Microfluidic Component 

The microfluidic chip cavity is where the extraction solvent interacts with the sample. 

The sample cavity is made out of an elastomeric polymer (FFKM), and is engraved with the 

desired shape to achieve optimal extraction with little to no sample loss.49  The cavity contains 

N2 inlets, a N2 outlet, a solvent inlet/outlet, a sample post, and a surface tension barrier to resist 

fluid movement (Figure 2).   

 

Figure 10. Schematic of the engraved cavity. The shape is best for optimal extraction.49 

The extraction processes involve solvent entering the cavity and reaching the sample on 

the sample post that is held down by a glass cover. At the same time, the N2 outlet is opened to 

allow exhaust N2 to exit as the solvent enters.  After allowing the solvent to extract analytes for a 

certain amount of time (10-30s), the next step then closes the N2 outlet and opens the N2 inlets, 

allowing N2 gas to move the solution out of the cavity (Figure 3). 
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Figure 11. Schematic of a solvent flush during a sample extraction.  N2 enters the cavity, extracts analytes 
from the sample, then exits via N2 flow.49   

3.4.3. Sample Preparation 

Sample preparation for insertion into the MFD is simple. A polyurethane swab, 

commonly used in labs, was used as a delivery system for the drug standard.  The swab tip was 

dipped into the solution and removed to replicate sample collection.  Then, the sample chip is 

prepared for insertion to the MFD (Figure 4).  First, the analyst ensures the frit, a small green 

filter seen in Figure 4A on the left side of the engraved area, is in the sample chip.  Then, the 

sample cavity is placed in the chip (Figure 4B).  Notice the hole in the center of the engraved 

area of the sample chip is covered by the sample cavity.  This hole is used for cleaning the MFD 

along with a cleaning cavity.  A 0.5-2.0 mm sized sample is cut from the swab and placed in the 

cavity on the sample post (Figure 4C).  The glass cover is placed over the sample and sample 

cavity (Figure 4D), and the whole apparatus (Figure 4E) is inserted into the MFD.  This is 

comparable to inserting a USB into a laptop.  Once inserted, a pressure block lowers onto the 

sample chip and holds it in place, forming a closed system.  The pressure also ensures that the 

holes drilled through the cavity and the chip for solvent and N2 flow line up with solvent lines. 
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Figure 12. Sample placement in the sample cavity and chip. 

3.4.4. Null Test Run 

Although the device has multiple run types, the Null test was chosen for simplistic and 

reasonable motivations.  For example, it was deemed unnecessary to include a heating step as 

compounds were easily extracted without it.  The parameters can also be manipulated easily 

thanks to the user-friendly interface observed in Figure 5.  The Null test includes four flushes of 

solvent, in this case acetonitrile (ACN), into the sample cavity where the sample is located on the 

sample post.  Each flush includes 20 μL of ACN, hence only 80 μL is used per extraction run for 

this work.49  
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Figure 13. Software program interface for control of the MFD. 

3.4.5. MFD Cleaning 

To clean the MFD between sample runs, the separate cleaning cavity (Figure 6), a gas-

tight syringe, a syringe pump (optional, but recommended), and isopropyl alcohol (IPA) are 

used.  Next to the sample out line is a second line that is connected to the syringe filled with IPA.  

The Clean System option is selected, and the procedure completes in a step-by-step process 

initiated by the analyst as they complete each step.  For flow to pass through the device, the 

special cleaning cavity must be used as it allows a continuous connection of the syringe to the 

sample out line within the system.  The syringe pump permits a controlled constant flow of 4-6 

μL/min. of IPA, and the cleaning can be monitored directly by the MS by observing all ions of 

interest to extinction.  This can be followed up by running a Null Test with the blank chip for 

further confirmation and to equilibrate the system with the extraction solvent.   
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Figure 14.  Cleaning cavity used to clean the MFD system.  This cavity is placed facedown so the 
engraved line connects the cleaning solvent line to the solvent in/out hole in the MFD chip.  

3.4.6. Drug Standard 

The drug standard used in this study was purchased from Cerilliant® (Round Rock, 

Texas) and contains 62 compounds of interest.  There are a variety of drugs such as opiates, 

barbiturates, amphetamines, cannabinoids, and anti-depressants. The compounds were at 

different concentrations within the standard that ranged from 250 ng/mL to 1000 ng/mL.  The 

drug database was created with Shimadzu® support and is utilized for identification.  

3.4.7. Liquid Chromatography-Mass Spectrometry 

A Shimadzu® LCMS-8060 triple quadrupole (QqQ) mass spectrometer was used in 

conjunction with electrospray ionization.  The fast polarity switching capability of the instrument 

allows for positive and negative modes to be used at essentially the same time.  This allows for 

the variety of compounds to be identified as some ionize better in different polarities.  The 

instrument utilized multiple reaction monitoring (MRM) to identify compounds by analyzing 

two or more product ions per precursor ion which allows confirmation of identification while 

still having a low resolution.  The MRM transitions can be observed in Appendix B. 

The LC system appears in only one of the instrumentation methods developed.  For this, 

a LC method previously developed by Shimadzu® for the drug standard was used along with a 

RestekÓ Raptor biphenyl column (Bellefonte, PA).  The majority of compounds contain 

aromatics; therefore, it was more efficient to use the biphenyl column to separate the compounds 
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via the pi-bond interactions.  The binary gradient method uses water with 0.1% formic acid and 

methanol as the mobile phases. 

3.5. Results 

3.5.1. MFD-MS   

The first method is directly connecting the MFD to the QQQ via the “Sample Out” line of 

the MFD (MFD-MS). The extraction flushes are directly injected into the mass spectrometer for 

screening of essential compounds. Analytes are identified via the MRM transitions.  An average 

of 32 out of 62 drugs was identified which is approximately 52% (SD = 4.05, n = 8).  

 

Figure 15. MFD-MS set up. The “Sample Out” line of the MFD is directly connected to the inlet of the 
ionization source. 

The compounds identified in each injection by the MFD were separated into three 

different categories - observed every time, sometimes, and never – to determine commonalities 

in the chemical structures (Table 1). 
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Table 1. Compounds observed/extracted every time (all 8 samples), sometimes (in 1 to 7 samples), and 
never (in none of the samples) using MFD-MS. 

EVERY TIME (8) SOMETIMES (1-7)  NEVER (0) 
Oxymorphone Hydromorphone Morphine 
Amphetamine MDA Diazepam 
Methylone Methamphetamine 6-MAM 
Noroxycodone Norhydrocodone Meprobamate 
MDMA Codeine Phenobarbital 
Oxycodone Hydrocodone Norbuprenorphine 
MDEA Ritalinic-Acid Butalbital 
Norfentanyl Tapentadol Carisoprodol 
a-PVP Norketamine Lorazepam 
Benzoylecognine Tramadol Oxazepam 
7-hydroxymitragynine MDPV Clonazepam 

Zolpidem 7-Aminoclonazepam Alpha-OH-
Triazolam 

Fentanyl Buprenorphine Alpha-OH-
Alprazolam 

Flurazepam Mitragynine Nordiazepam 
Ketamine EDDP Flunitrazepam 
Desmethyl-tramadol Methadone Temazepam 
Desmethyl-tapentadol Midazolam Alprazolam 

Zolpidem-COOH UR-144 AM-2201-4-OH-
penyl 

Mephedrone JWH-250-4-OH-Pentyl THC-COOH 
PCP JWH-18-4OH-pentyl AB-Fubinaka 
  JWH-073-3-OH-

Butyl 
  AB-Pinaca 
TOTAL:             20 20 22 

 

3.5.2. MFD-COL-HPLC-MS   

The extraction generated by the MFD is collected in an HPLC vial and placed in the 

autosampler of the HPLC for separation and characterization by the QQQ (MFD-Col-HPLC-

MS). All 62 compounds were identified. This is a 48% increase from the MFD-MS screening 

method.   
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3.6. Discussion 

3.6.1. MFD-MS 

When the MFD directly injects into the MS, all extracted analytes are introduced to the 

ionization source at the same time, thus they are competing for the limited amount of charge 

available. As a result, compounds that ionize efficiently will dominate the spectrum and the 

remaining are suppressed and not detected. Ionization efficiency is determined by a compound’s 

basicity and its accessibility. The chemical structures of the compounds observed in all 8 

extractions had a larger number of functional groups with less electron delocalization, increasing 

their basicity. Compounds that were never observed in the 8 runs were more acidic in nature or 

had more electron delocalization. Another reason for the decrease in number of compounds 

identified is that no acid is in the extraction solvent while there is 0.1% formic acid in the water 

mobile phase of the HPLC. The addition of formic acid in the HPLC system increases the 

sensitivity for almost all compounds.  

At first, the lack of all compounds being identified seems to be a limitation, however, as 

can be observed in Table 2, many key drugs of abuse are identified, an example being fentanyl. 

This method would prove efficient as a screening method to facilitate choosing the direction of 

further analysis. With an average of 52% of compounds identified and the knowledge of drugs 

that are more basic in nature, this method provides forensic analysts with preliminary 

information on drug evidence.  It should also be noted that, although they were not identified in 

this method, all the compounds were identified in the MFD-Col-HPLC-MS method, thus 

ensuring that all compounds are present in the standard used. 

3.6.2. MFD-Col-HPLC-MS 

A reduced ionization bias was observed due to the separation of the compounds in the 

HPLC column prior to analysis by the QQQ. They elute individually, ensuring ionization of the 
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compounds and successful identification. This method does, however, introduce a second 

location for analyst contact when the sample is collected in a micro-vial and the vial is capped 

and placed in the autosampler of the HPLC. The possibility of error is limited though as the 

sample out-line is placed directly in the vial.  

This method is the preliminary stage for a final coupling of the device to an HPLC 

system via direct connection of the sample out line to the rotary valve. This will allow for 

extraction, separation, and identification with no interaction with the sample except for placing it 

on the sample cavity. This method is currently being investigated. 

3.7. Conclusions 

The methods proposed lay a foundation for fast, accurate analysis of multiple drugs of 

abuse and NPS. They introduce a novel microfluidic device that shortens evidence analysis time 

and simplifies extraction. The combination of the MFD extraction device and the QQQ provides 

qualitative analysis that would easily be expanded to quantitation with the addition of internal 

standards. The MFD-Col-HPLC-MS method identified all compounds of interest while the 

MFD-MS method only identified just over half providing both a screening method and an 

identification method that can be used by forensic analysts for identification of multiple 

compounds in seven minutes. The speed, ease of use, and microfluidic capabilities ensure 

reduced reagent use, reduced waste production, and accurate identification of compounds of 

interest in a timely manner. 
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CHAPTER 4 

4. Studies in Commercial Swab Effects on the Extraction and Retention of Common Drugs 

of Abuse and New Psychoactive Substances 

4.1. Material Effects of Commercial Swabs on the Extraction of Multiple Drugs Using 

Microfluidics and Mass Spectrometry 

4.1.1. ABSTRACT 

This study focused on how different compositions of commercially available swabs can 

affect extraction and analysis of samples containing multiple drugs of abuse (DOA) and new 

psychoactive substances (NPS) using a novel microfluidic extraction device in combination with 

high-performance liquid chromatography (HPLC) and low-resolution mass spectrometry (MS). 

Swabs chosen contained polyurethane, polyester, nylon, cotton, and rayon, and are commonly 

used swabs for both forensic and medical purposes. Results show that polyurethane is the best 

material for the complete release of most compounds (57±4; average ± standard deviation) 

followed by polyester (32±6). The cotton, nylon, and rayon swabs extracted the least compounds 

(25±7, 16±9, and 11±4 respectively). Analysis of the retained compounds show increased 

hydrogen bonding locations which led to their retention on cotton, nylon, and rayon as these 

materials have more accessible hydrogen bonding sites. The swab tip structure (i.e. foam, fibers, 

flocked) also plays a role during the release of the solution. 

4.1.2. Key Words:  

Forensic science, drug analysis, commercial swabs, microfluidics, liquid 

chromatography-mass spectrometry 

4.1.3. Introduction 

Abuse of substances is a common thread that has defined moments in history, including 

the current opioid crisis that is ravaging the United States11. Along with this, there is a rise in the 
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use of new psychoactive substances (NPS) (also termed “designer drugs”), which are compounds 

that have similar chemical structures and/or psychoactive effects on the brain as commonly 

considered drugs of abuse (DOA) such as opioids, cannabinoids, and amphetamines to name a 

few 7,12.  

Unfortunately, NPS can be detrimental since they are not regulated by governments nor 

have they been studied and tested for human consumption. As a result, their health risks are 

unknown making them a hazard to public health and safety. Distribution into society is due to 

many avenues such as the internet and drug dealers in the area, they are essentially invisible to 

law enforcement until they come across them in their line of work which enables circumvention 

of the law, and they are marketed in a way to catch the eye of potential users i.e. bright, catchy 

images with appealing names, flavors, etc. The analysis of these compounds is difficult to 

perform in forensic laboratories because they lack the funds, resources, or knowledge base to 

analyze them as compared to clinical, toxicological, and research labs. It is essential for 

analytical methods to be developed in which to simplify the identification of these compounds to 

prevent their distribution, use, and abuse.   

Mass spectrometry (MS) in conjunction with high-performance liquid chromatography 

(HPLC) is a common tool used by forensic analysts for the identification of DOA and NPS, 

especially triple quadrupole mass spectrometry (QqQ).28–32 It is a simple, robust technology that 

can quickly analyze multiple compounds through the use of multiple reaction monitoring (MRM) 

which, when timed with elution from an HPLC column, is an effective identification technique 

for anywhere from five to hundreds of compounds as well as for single or multi-classes of DOA 

and NPS.27,28,30,32,55,56   

Microfluidics is a relatively new technique applied to forensic drug analysis, but it shows 

promise for simplifying certain areas of the analytical process. Currently, MFDs are mainly used 
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for screening of compounds at crime scenes or in the lab to provide crime scene investigators 

with instant information regarding evidence and to facilitate the direction of further analysis for 

complete identification and characterization of drug evidence.37,45–48 The device used in this 

study is a third generation prototype that was developed originally for the extraction of disperse 

dyes from trace amounts of fibers.49,57  It is currently being tested by Vinueza Labs (Raleigh, 

North Carolina) for other applications to further expand its scope. 

The presented study utilizes the MFD and HPLC-MS for the analysis of multiple DOA 

and NPS from commercial swabs to determine if, with a previously developed MFD collection 

and HPLC-MS method, there is potential for selectivity of certain compounds with specific 

substrates. Selectivity of compounds is important because it could simplify evidence collection 

and analyses by providing preliminary information of the substance of interest. This work 

involves a collaboration with Shimadzu Scientific Instruments® (Columbia, Maryland) and 

Puritan Medical Products® (Guilford, Maine) for investigation into certain swabs with tips made 

from various materials as well as various tip structures (i.e. foam, fibers, flocked).  

4.1.4. Materials and Methods 

4.1.4.1. Drug Standard 

The drug standard used was made from several standards, purchased from Cerilliant® 

(Round Rock, Texas), and contained 62 compounds of interest that are representative of drugs of 

abuse (DOA) in society, including new psychoactive substances (NPS). NPS are emerging in 

case work worldwide and include substances such as fentanyl and the JWH class of synthetic 

cannabinoids which are synthetic cannabinoids developed by the John W. Huffman group at 

Clemson University.58 These compounds were studied as well as barbiturates, amphetamines, 

morphine and its various derivatives and other opioids, synthetic and natural cannabinoids, as 

well as key metabolites that indicate drug use such as benzoylecgonine, the metabolite of 
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cocaine. A full list and structures can be found in Appendix A. The standard was diluted to 500 

ng/mL in concentration and identification was simplified via the compound database developed 

at Shimadzu Scientific Instruments®.  

4.1.4.2. Substrates 

Swabs were obtained from Puritan Medical Products® (Guilford, Maine) in various 

compositions and tip types. The substrates chosen were forms of polyurethane, nylon, polyester, 

rayon, and cotton and the tip types included fibers, knitted fibers, foam, and flocked. It should be 

noted that the full chemical structure of these substrates is unknown, but the generic formula for 

each substrate was considered during the analyses (Figure 1). 

 

Figure 16. Swabs chosen for this study and their generic structures. From left to right: polyurethane 
foam, nylon flocked, polyester knitted fibers, rayon fibers, and cotton fibers 

4.1.4.3. Microfluidic Extraction Device 

The microfluidic device used in this study is a state-of-the-art automatic extraction device 

that was originally created for the extraction of dyes from trace amounts of fibers (0.5-2.0 mm in 

size) in a National Institute of Justice grant (2011-DN-BX-K561) collaboration between the 

Department of Textile Engineering, Chemistry and Science (TECS) and the Engineering 

Consortium at North Carolina State University.49   

The key advantages of this device are fast, automated extraction; multiple extraction run 

choices with the ability to change parameters within the program (also created in-house) for the 
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device; the ability to directly connect the MFD to analytical instruments or the ability to use it as 

a stand-alone extraction device; durable materials to ensure no degradation occurs from the use 

of strong solvents such as pyridine; and, thanks to Vinueza Labs’ work, modifications such as a 

cleaning system and the use of multiple solvents for extraction.   

The MFD is a relatively small, compact device (Figure 2). Internally, the components 

consists of a series of tubing, pneumatic cylinders, a heater and assembly, containers, filters, 

pressure regulators, sensors, and a fan to keep the device at a workable temperature if a heating 

step is used.49 Externally, there is a “Sample Out” line and a cleaning line labeled as “IPA In” 

(isopropanol, although methanol and acetonitrile were used to clean the device as well). On the 

opposite side of the device, there is an attached holder that houses the extraction solvents for the 

different extraction types as well as a vapor filter. 

 

Figure 17. MFD with dimensions. The device weighs under 10 pounds and can easily be moved. 

Another key advantage of the MFD is its simple sample preparation. This is where the 

only interaction between the analyst and the sample occurs. Figure 18A shows the microfluidic 

chip without the cavity inserted. The holes necessary for the extraction process are the three on 

the far right and the one on the far left. The three far-right holes are for N2 to enter and exit the 

cavity for fluid movement. The far-left hole is where the extraction solvent enters, and the 
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extracted sample exits. It also includes a small frit to prevent any large particles of the sample 

from entering the MFD system. The next step to prepare the chip is to place the polyetherether 

ketone (PEEK) cavity in the MFD chip (Figure 18B). PEEK is an elastomeric polymer that is 

durable to withstand strong solvents. Then, the sample is placed on the sample post (Figure 18C), 

the glass cover is placed on top (Figure 18D), and the MFD chip is ready for insertion to the 

MFD (Figure 18E). Insertion of the chip into the MFD is comparable to inserting a USB into a 

computer.  

 

Figure 18. Step-by-step preparation of the sample chip for insertion into the MFD. 

To ensure no carry over occurred between extractions, the MFD was cleaned using the 

sample chip and the cleaning cavity (Figure 19). The cleaning cavity is placed face down so the 

center and solvent holes connect, and the cleaning solvent can pass through the device. A gas 

tight syringe and multiple solvents (isopropyl alcohol (IPA), acetonitrile (ACN), and methanol 

(MeOH)) are flushed through the device in a series of three, ending on MeOH in preparation for 
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extraction. The final step in cleaning the device is inserting the MFD chip with the sample cavity 

and completing three Null test flushes of the device to ensure fluid flow is consistent during 

extraction. 

 

Figure 19. The cleaning cavity, below the chip, is placed face down in the indented area of the sample 
chip and connects the cleaning solvent line to the solvent entrance/exit hole for cleaning of the MFD. 

4.1.4.4. Substrate Test 

A piece of the swab tip was removed and fully saturated with the diluted standard and 

then air dried. Then, to ensure similarity in size, smaller pieces were cut from the dried piece and 

weighed with an analytical balance. Table 2 includes these masses. Then the weighed piece was 

placed in the microfluidic cavity for extraction. 

Table 2. Masses of weighed substrate types prior to extraction with the MFD (in mg). 

SUBSTRATE M1 M2 M3 M4 M5 AVG ± STD DEV 

POLYURETHANE 0.25 0.31 0.26 0.34 0.35 0.30 ± 0.04 

NYLON 0.33 0.28 0.34 0.26 0.34 0.31 ± 0.03 

RAYON 0.28 0.29 0.33 0.27 0.27 0.29 ± 0.02 

COTTON 0.26 0.32 0.32 0.28 0.29 0.29 ± 0.02 

POLYESTER 0.34 0.34 0.30 0.31 0.30 0.32 ± 0.02 
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4.1.4.5. KNIME® Analytics – Molecular Analysis 

A workflow for the analysis of all 62 compounds of interest was generated in KNIME®, a 

cheminformatics program for the analysis of the individual molecules. Starting with an SDF file 

of the compound structures, the final result is molecular property information for each compound 

based on their structures provided in Excel format. The workflow (Figure 20) is as follows: in 

Node 1, the software reads the SDF file and translates the molecule to CDK in Node 2, 

condensing and uniformly formatting each structure and regenerating them based on the program 

standard. In Node 3, the molecular properties are determined for each, and, in Node 4, specific 

properties are filtered to the properties of interest, in this case, the number of hydrogen bond 

donors (HBD) and acceptors (HBA). Finally, the last step provides a user-friendly output in the 

form of an excel file that presents the desired molecular properties for each compound. This 

information was compared to the results of the substrate test to determine causation of 

selectivity.  

 

Figure 20. KNIME® workflow for determining properties of the compounds analyzed. 

4.1.4.6. Liquid Chromatography – Mass Spectrometry 

The extracted sample vials were placed in the autosampler of the Shimadzu® LCMS-8060 

triple quadrupole (QqQ) system for separation and identification (Figure 21). A Restek Raptor® 

biphenyl column (Bellefonte, PA) was used as the majority of the compounds have aromaticity 
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and separation is faster and more efficient than a C-18 column, that is commonly used for 

forensic analyses. The LC gradient method used was developed with previous work. The mobile 

phases used were water with 0.1% formic acid and methanol. 

 

Figure 21. The Shimadzu® LCMS-8060 Triple Quadrupole System 

An electrospray ionization source was used with the fast polarity switching ability for 

both positive and negative analysis. This allows for multiple classes of compounds to be 

analyzed as some compounds ionize better in negative mode versus positive mode, depending on 

the molecular structure. Multiple reaction monitoring (MRM) was used to identify the 

compounds. This MRM method analyzed two or more product ions for the precursor ions of the 

compounds, which substantiated the identification of the compounds.  

The total analysis time done by the MFD and the LCMS is approximately 10 min. per 

sample. The MFD extraction is 3 min. long and the HPLC gradient is 5 min. long with 

transferring the vial with the collected extraction to the autosampler requiring the remaining time 

(2 min.). Data analysis is quickly done using the Lab Solutions® program with a method 

previously developed with Shimadzu Scientific Instruments®. 

 

 



   

52 
 

 

4.1.5. Results 

4.1.5.1. Substrate Comparison Results 

The focus of this study is to qualitatively determine how the commercial swab substrates 

affect the extraction/retention of multiple DOAs and NPS. As such, if a compound was identified 

(extracted), it was given a value of 1; if it was not, it was given a value of 0. The number of 

compounds identified per extraction was determined and averaged. As observed in Table 3, each 

swab extracted (and retained) a different number of compounds which indicates selectivity 

occurs when a different material is used. The results are compared with the ASTM D 1909 – 04 

commercially accepted moisture regain values for the fibers of each substrate.59 Moisture regain 

is the ability of a material to absorb water from the air and is an indication of hydrophilicity as 

well as crystallinity in fibers.60 If it has a high moisture regain, then there is less crystallinity and 

vice versa. This is important as the accessibility of the functional groups on the swab material’s 

surface is the key factor for selectivity, and the crystallinity of the material can affect the 

accessibility. As observed, substrates with a higher moisture regain retained the most 

compounds.  
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Table 3. The average number of compounds extracted for the 5 samples of each swab as well as the 
commercially accepted moisture regain values for fibers of each substrate. 

SWAB 

SUBSTRATE 

SWAB TIP 

STRUCTURE 

AVG # OF COMPOUNDS 

± STD DEV 

MOISTURE 

REGAIN59 

Polyurethane Foam 57±4 1% 

Polyester Knitted fibers 32±6 0.4% 

Cotton Fibers 25±7 7% 

Nylon Flocked 16±9 4.5% 

Rayon Fibers 11±4 11% 

 

4.1.5.2. Determination of Causation for Selectivity 

To investigate the causation for the selectivity observed from the averages in Table 3, the 

number of times each compound was extracted out of the 5 extractions was determined for each 

substrate. The compounds were then sorted in the order of how many times each compound was 

extracted of the 5 extractions. This separated the compounds into six groups: those that were 

extracted all 5 times, 4 out of the 5, 3 out of the 5, and so on including those that were never 

extracted (0 out of 5).  

For each group, the number of compounds with a specific sum value of HBA/HBD were 

determined. The HBA/HBD sum values were plotted against the number of times each 

compound was extracted and trendlines were added to observe any correlations (Figure 23). The 

x-axis values represent the six groups (0-5) and the y-axis represents the HBA/HBD sum values 

(1-8). There are multiple compounds with the same HBA/HBD sum value. In order to visualize 

this, points of different size were used to represent a certain number of compounds (Figure 23 

Legend). For example, Figure 22A shows the compounds extracted in all 5 runs for the polyester 

swabs. The HBA/HBD sum value for each compound is next to the sum of the runs for each. 
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Figure 22B shows the number of compounds in the group that have a specific HBA/HBD sum 

value. An example is shown via the circled numbers in Figure 22. In the group presented in 

Figure 22A, there are three compounds that have a sum HBA/HBD value of two. Figure 22B 

shows the breakdown for the group shown in Figure 22A based on the sum HBA/HBD values. 

As observed, the Sum of HBA and HBD range from 1-7 and each has a different number of 

compounds in the group. This number corresponds to the Legend in Figure 23, which provides a 

different size point for a visual representation of the number of compounds with the same sum 

HBA/HBD value. This was done for the polyester, nylon, cotton, and rayon swabs (Figure 23A-

D), but not for the polyurethane swabs as almost all compounds were extracted. It should be 

noted that the titles of plots A and B are “A Polyester” and “A Nylon” as the specific polyester 

or nylon were unknown. 

 

Figure 22. Snapshots (images A and B) of the Excel sheet for polyester swabs and the compounds that 
were observed (extracted) in all 5 extractions. HBA stands for hydrogen bond acceptors and HBD stands 
for hydrogen bond donors. The circled numbers in A correspond to the circled numbers in B. This shows 
that in this group, there were three compounds that each had a sum HBA/HBD value of two. 
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Figure 23. HBA/HBD sum values plotted against the number of extractions for polyester (A), nylon (B), 
cotton (C), and rayon (D). Point size determines the number of compounds in that location, as indicated 
by the legend. The x-axis represents the six groups of compounds based on the number of extractions 
observed for each compound, and the y-axis represented the HBA/HBD sum value. A plot for 
polyurethane is not shown as the majority of the compounds are extracted. 
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The most reliable data points on the plots in Figure 23 are those extracted every time 

(observed 5 out of 5 samples) and those retained every time (not observed 5 out of 5 samples). 

The XLogP values for those compounds were also plotted to corroborate the HBA/HBD sum 

value data and provides individual representation of each compound. The XLogP values for each 

compound varies while the HBA/HBD sum values are shared by multiple compounds.  

 
Figure 24. XLogP values for each compound retained (0) and extracted (1).  

4.1.6. Discussion 

Due to the minute amount of sample, the controlled extraction parameters, and the 

reduced reagent use as dictated via the MFD, a selectivity of compounds is observed based on 

the different swab materials. All five substrates have HBA and HBD with polyester being the 

only potential candidate to have only HBA (Figure 1). All 62 compounds have HBA, but 18 lack 

HBD. The HBA/HBD sum value plots show minor correlations, however the compounds 
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observed in n = 2-4 are unreliable data points as they are not reproducible. The XLogP plots of 

each swab material have overlapping compounds that are extracted or retained. The selectivity is 

based on the compounds’ interactions with the swab material and the extraction solvent with 

hydrogen bonding being the prevailing force, but not the only determining factor. When the 

interaction with the swab material was stronger, the compound stayed in the swab and was not 

extracted. If it interacted with the extraction solvent better, the compounds were extracted. The 

swab tip structure also plays a role in the extraction/retention of the compounds as it dictates the 

penetration ability of the extraction solvent. It is common knowledge that foam is more porous in 

structure which allows for easy penetration of the extraction solvent, whereas there may be a 

slightly less successful penetration of the knitted fibers since their physical structure is less open 

than that of foam.  

4.1.6.1. Polyurethane 

The polyurethane foam swabs consistently extracted the majority of the compounds. This 

is due to the more open, porous structure that foam has compared to the fibrous structures. The 

generic polyurethane monomer structure (Figure 16) has 2 HBA and 1 HBD. Commercial fibers 

of polyurethane have a moisture regain of 1% indicating that the swab would have little overall 

hydrogen bonding capability when the entire polyurethane foam structure is considered.59 

Further penetration of the extraction solvent is higher as well, offering substantial evidence for 

why the majority of the compounds were extracted from the polyurethane foam swab. As such, 

polyurethane foam swabs are best for collection if all compounds are to be extracted but does not 

bode well for use as a selective material. 

4.1.6.2. Polyester 

The polyester knitted fibers swabs extracted and retained about half of the compounds. 

The generic polyester monomer structure (Figure 16) has 4 HBA and 0 HBD. Commercial 



   

58 
 

polyester fibers have a moisture regain of 0.4% indicating a low hydrogen bonding capability 

and high crystallinity when the overall swab is considered even though half of the compounds 

were retained.59 A low correlation was observed for the plot of polyester (Figure 23) with 

compounds having higher HBA/HBD sum values being found mainly retained. However, there 

are compounds with high HBA/HBD sum values that were extracted each time indicating that 

hydrogen bonding is less of a factor. Since polyester only has HBA in its structure, it is expected 

that compounds with no HBD will be extracted more often than not. Out of the 18 compounds 

without HBD, 10 were extracted 4-5 times out of the 5 extractions and none of them were 

retained in all 5 extracted samples. The other 8 compounds were observed in 1-3 of the 

extractions. This corroborates that the polyester lacks HBD groups since most were extracted, 

but it does not indicate hydrogen bonding being the main cause for selectivity since compounds 

with a higher number of HBA/HBD were also extracted. In this case, it is hypothesized that the 

knitted fiber structure of the swab plays a larger role because it prevents the extraction solvent 

from penetrating the material effectively in the amount of time allotted during the MFD 

extraction. This would result in only a portion of the sample being penetrated and only some of 

the compounds to be extracted. As a result, this knitted fibers polyester swab would be a less 

feasible swab to use for selectivity purposes unless a longer extraction time was employed. 

4.1.6.3. Cotton 

The cotton fiber swabs also extracted and retained about half of the compounds as well. 

The generic cotton monomer (Figure 16), cellulose, has 4 HBA and 6 HBD, and commercial 

cotton fibers have a moisture regain of 7%, indicating high hydrogen bonding capability. Why 

then are only half the compounds retained and not more? This is where crystallinity plays an 

important factor. Cotton fibers in general have high crystalline areas in their structure which 

prevents some interaction with the compounds. That, combined with the ease in penetration of 
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the extraction solvent dictated by the fibrous structure, led to a selectivity of compounds based 

primarily on hydrogen bonding. Cotton would be a better choice than polyester knitted fibers or 

polyurethane foam for selectivity. 

4.1.6.4. Rayon 

The rayon fiber swabs retained about two-thirds of the compounds. The generic rayon 

monomer (Figure 16), which is also cellulose, has 4 HBA and 6 HBD as mentioned before. 

However, rayon retained more compounds than cotton did because it is a regenerated cellulose. 

This means there is a reduction in crystalline areas and an increase in amorphous areas, making 

the hydrogen bonding locations more accessible in rayon than in cotton.  This is observed in the 

moisture regain values as commercial rayon fibers have a moisture regain of 11% versus cotton’s 

7%. As a result, a slightly better correlation can be observed for rayon versus cotton (Figure 8) 

indicating a better selectivity potential than cotton based on HBA/HBD sum values.  

4.1.6.5. Nylon 

The nylon flocked swabs also retained about two-thirds of the compounds, however it 

had a much higher correlation than rayon and the others did in respect to the HBA/HBD sum 

values. The generic nylon monomer (Figure 16) has 2 HBA and 2 HBD. Commercial nylon 

fibers have a moisture regain of 4.5%, indicating less hydrogen bonding ability and higher 

crystallinity than both cotton and rayon. However, the combination of the linear structure of 

nylon providing HBA and HBD at the fiber surface and the openness of the flocked tip structure 

leads to better retention of the compounds based on hydrogen bonding, which is observed in the 

plot (Figure 23).  

4.1.6.6. Summary 

The swabs investigated show that materials of swabs can play a role in the 

extraction/retention of multiple compounds when submitted to the small-scale extraction by the 
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MFD. If the different classes of compounds are considered, based on their structural similarity, 

there shows potential for certain materials to be used for specific classes. For example, rayon 

was successful in retaining multiple compounds because of the hydrogen bonding interactions 

achieved with the high accessibility of the hydrogen bonding sites. This swab would be best for 

compound classes with higher polarity such as opiates because it will retain them. A longer 

extraction would be necessary to remove and analyze them, but the swab itself is promising for 

retention of compounds. The polyurethane foam swab, on the other hand, is best for collection 

and analysis of all the compounds as it provides an open structure for little selectivity to occur. 

Table 4 shows six representative compounds of different polarity, three opiates and three 

cannabinoids - opiates are higher in polarity while cannabinoids tend to be less, and a clear 

distinction is observed between the two classes. The opiates were extracted from the 

polyurethane swabs, but not the polyester, cotton, nylon, or rayon swabs. On the other hand, the 

cannabinoids were observed in all of the swab materials. This indicates the potential for 

selectivity of drug classes using materials, however further investigation should be completed as 

it is hypothesized that increasing the number of extractions on the same sample may lead to a 

better understanding of potential selectivity. 

Table 4. Representative structures, three opiates and three cannabinoids, and the number of times they 
were extracted from each substrate out of the 5 total extractions completed for each substrate. 

 POLYURETHANE POLYESTER COTTON NYLON RAYON 

HYDROCODONE 5 0 0 0 0 

OXYCODONE 5 0 0 0 0 

MORPHINE 5 0 0 0 0 

JWH-250 5 4 4 5 5 

THC-COOH 4 4 3 5 5 

JWH-073 5 5 5 5 4 
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4.2. Puritan® Product Study: Report 

After a presentation of the above study at the 70th Annual American Academy of 

Forensic Sciences conference in February of 2018 and discussion with attendees of the meeting 

from Puritan®, they became interested in some of the studies and reached out regarding testing of 

two new flocked swab products. The purpose of this product study was to determine the 

absorption and release capabilities of the swabs which were polyester flocked and nylon flocked 

swabs. Absorption capabilities were tested via two water absorption tests and release capabilities 

were tested using a drug solution of nine compounds (Appendix B), the MFD, and Vinueza 

Labs’ new Thermo Scientific Velos Pro Dual-Pressure Linear Ion Trap MS. 

4.2.1. Two Absorption Tests 

4.2.1.1. Swabs Fully Submerged: 

Each swab tip was submerged in water for 15 seconds, and the amount of water picked 

up was determined. These values were compared with the water picked up by cotton swabs as it 

is well known cotton swabs are good absorbers. For this study, the averaged water weight picked 

up by the polyester and nylon swabs were normalized to cotton, with cotton being a 100% 

absorber. The polyester and nylon flocked swabs picked up similar amounts of water in relation 

to the cotton swabs. 
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Table 5. Water absorption of the two swabs when compared to a standard cotton fiber swab which was 
considered a 100% absorber of water in this case. 

n=6 Polyester (g) Nylon (g) Cotton (g) 

Average 0.14021 0.13768 0.18838 

Standard Deviation 0.00638 0.01714 0.02520 

    

% Absorbed in 
relation to Cotton 

swab 
74% 73% 100% 

 

4.2.1.2. Swabs Dipped in 1 mL of Water: 

Each swab was dipped in a vial with 1 mL of water for 15 seconds. Only half of the swab 

tip was submerged. The initial and final weights of water were determined, and the percent water 

absorbed was calculated. Both the polyester and nylon flocked swabs have similar wet pick up 

which agrees with the above test. 

Table 6. Water absorption test based on mass of water picked up by swabs from 1 mL of weighed water. 

N=6 POLYESTER NYLON 

 Initial (g) Final (g) Initial (g) Final (g) 

AVERAGE 1.0055 0.91186 1.0068 0.93585 

STANDARD 
DEVIATION 0.00376 0.01824 0.00285 0.01042 

   

% ABSORBED 9.31% 7.04% 

STANDARD 
DEVIATION 1.77 1.07 
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4.2.2. Compound Analysis  

Much time was spent determining the best sample preparation prior to extraction for the 

new swabs. A razor was used to slice down the side of the swabs, and pieces were cut and 

weighed. Samples with similar weights, but inconsistent size proved to be too variable in the 

analyses. For the final samples, a razor was used to slice the side of the swab and a micro-punch 

tool with a 2 mm diameter was used to take a circular punch from the swab slice. This allowed 

for consistent size with slight variation in weight. Five (5) uL of the drug standard were 

dispensed onto each piece. Once dried, the samples were individually extracted, the microfluidic 

device was cleaned, and a background was taken after each cleaning to ensure no carry over was 

observed in the final results. It was observed that the nylon flocked swab was affected by the 

solution more so than the other two swabs. When the samples were doped with the standard, it 

seemed to slightly degrade and as a result, they stuck to the bottom of the well plate and had to 

be scraped off. This was not observed with the nylon flocked swabs from the previous study 

presented at the American Academy of Forensic Sciences.61 

A Thermo Scientific Velos Pro Dual-Pressure Linear Ion Trap was used for this analysis 

because it allows for direct targeting of a limited mass range or a single mass for increased 

sensitivity. An HPLC-MS method was developed for nine compounds: meperidine, codeine, 

hydrocodone, methadone, oxycodone, fentanyl, cyclopropyl fentanyl, cyclopentyl fentanyl, and 

deuterated fentanyl; and the drug solution was analyzed to determine the retention times of each 

compound for identification. A phenyl-hexyl HPLC column was used as it is best suited to 

separate a variety of compounds that contain aromatics and alkyl chains, which is observed in the 

compound structures. 

The average relative intensity percentages in Table 6 indicate how large the signal was 

per compound in relation to the total signal observed from all the compounds. This gives an idea 
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of both absorption and release capabilities in regard to drugs of abuse where swabs are often 

used as collection devices. The three samples averaged in the table below had background signal 

subtracted and is the most reliable data from the runs completed. However, it should be noted 

that a total of 18 runs were completed, with multiple injections at different volumes to observe 

the best signal.  

Table 7. Average relative intensities of each compound in relation to the total signal of all the 
compounds.  

n=3 Polyester Flocked Nylon Flocked Foam 

Compound 
Nominal 

Mass 

Avg. 

relative 

intensity 

Std. 

Dev. 

Avg. 

relative 

intensity 

Std. 

Dev. 

Avg. 

relative 

intensity 

Std. 

Dev. 

Meperidine 248 14% 2% 7% 1% 11% 2% 

Codeine 300 6% 1% 7% 2% 3% 1% 

Hydrocodone 300 7% 1% 3% 1% 3% 0% 

Methadone 310 0% 0% 35% 6% 35% 5% 

Fentanyl 337 13% 1% 18% 12% 15% 1% 

Cyclopropyl 

Fentanyl 
349 22% 1% 13% 2% 12% 2% 

Fentanyl-D5 342 38% 1% 15% 4% 21% 3% 

 

The foam swab is a better choice for absorbing and releasing compounds as all the 

compounds were identified in the extraction with low variability. The nylon flocked swabs also 

released all of the compounds. However, the variability in the data is high, especially for fentanyl 

and methadone, and would not be efficient for consistent analyses. The polyester flocked swab 

had low variability between the data, however not all compounds were identified in the 
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extraction. Methadone was consistently not found in the polyester flocked swab samples 

(observed in 5 samples), and as a result would be less useful of a swab for consistent pick up and 

release of this drug.  

In conclusion, the two new flocked swab materials show promise for consistent 

absorption and release for certain compounds, but not all. The variability for fentanyl and 

methadone for the nylon swab indicate inconsistency with this swab while the lack of methadone 

appearing in the extractions for the polyester flocked swab indicate inconsistency as well.  
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CHAPTER 5 

5. Summary and Final Conclusions 

The work presented in this dissertation shows the versatility and applicability of a novel 

microfluidic extraction device with liquid chromatography and mass spectrometry for the 

analysis of multiple DOAs and NPSs for forensic purposes. Not only does this work pave the 

way for NPS analysis, it also introduces a new extraction device that can supplement and 

improve forensic analysis by providing a fast, lightweight, more environmentally friendly option 

that can be used in forensic labs to facilitate analysis of compounds with minimal analyst 

interaction ensuring evidence integrity. 

Interfacing the MFD, a pulsed instrument, with mass spectrometry, a continuous 

instrumental technique, was successful. Directly connecting the MFD with the ionization source 

inlet of the mass spectrometer (MFD-MS) allowed for screening of 62 compounds of various 

classes with successful identification of 52% of them. Key compounds such as fentanyl, 

oxycodone, amphetamine, and 17 other DOAs and NPSs were identified in every extraction 

completed by the MFD. There were 20 compounds that were observed intermittently in the 8 

extracted samples such as methamphetamine, codeine, and a couple of synthetic cannabinoids. 

There were 22 compounds that were not observed in any of the extractions completed with 

MFD-MS. Ionization bias and the lack of acid in the extraction solvent led to the different 

frequency in identification for the compounds. Since all the compounds are reaching the 

ionization source at the same time, they are all competing for the limited amount of charge in the 

ionization source, leading to those with a higher basicity to attract the charges more often than 

not. As a result, the screening of compounds was successfully achieved and provided preliminary 

information on compounds. 
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Collecting the extraction directly in an HPLC micro vial provided a thorough 

characterization of all 62 compounds multiple times because of the separation of the compounds 

prior to entering the MS via the HPLC column. This ensured ionization of all compounds and 

reduced ionization bias. The polar mobile phase also contained 0.1% formic acid which allowed 

compounds, such as the synthetic cannabinoids, to ionize better, increasing the sensitivity for all 

compounds. This method indicates quantitation is feasible with extractions done by the MFD 

because of the consistency in which they were identified with this method. 

The mode of transport for the drug standard to be analyzed for the first portion of this 

work was via polyurethane foam swabs which are commonly used in analytical laboratories. 

With the success of compound extraction from these swabs, the idea that swabs of different 

materials could lead to different results with potential selectivity was born. This led to the 

investigation of commercial swabs and how they can affect the extraction of compounds when 

using the MFD. 

During preliminary studies with different swab materials, it was clear that there was a 

significant difference in the number of compounds extracted based on the material used. Thus, 

five swabs were chosen for the focused study to determine the cause of selectivity: polyurethane 

foam, nylon flocked, polyester knitted fibers, rayon fibers, and cotton fibers. The hypothesis that 

hydrogen bonding is the key factor for selectivity was corroborated when results identified the 

materials with more hydrogen bond functionality retained more compounds that also had high 

hydrogen bond functionality. The rayon swabs retained the most compounds, and with the 

highest number of HBA/HBD, this was expected. Cotton, which has the same molecular 

structure as rayon (same HBA/HBD), retained about 60% of the compounds, indicating that not 

only is hydrogen bond functionality important, but the accessibility of those locations is a key 

factor as well. Cotton and rayon both have amorphous and crystalline areas in their fiber 
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formations, but rayon, being a regenerated cellulose, has much less crystalline areas because it is 

lost in its production. As a result, hydrogen bonding is more accessible and can interact with the 

compounds better in rayon versus cotton. The other substrates - nylon, polyester, and 

polyurethane - had various results with nylon being similar to rayon in retaining the majority of 

the compounds, polyester retaining about 50% of them, and polyurethane retaining few to none 

of them.  

The studies in this dissertation provide forensic analysts with knowledge on best 

substrates for evidence collection of potential drug material as well as introduces a new 

microfluidic extraction device that can be used in combination with HPLC-MS analysis for 

characterization of multiple DOAs and NPSs. Investigation into better and more efficient 

forensic methods is a continual goal for scientists to ensure proper and accurate prosecution in 

the justice system. 
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CHAPTER 6 

6. Future Suggestions for Work 

6.1. MFD-HPLC-MS 

Interfacing the MFD directly to an HPLC-MS system would open the opportunity to have 

an extraction, separation, and identification technique with minimal analyst interaction with the 

sample. However, this would involve connecting the MFD, which is a pulsed instrument, with an 

HPLC system, which is a continuous instrument. Since the MFD would need to complete the 

extraction first, collection of the extraction and then introduction into the HPLC flow is the key 

area that needs investigation. 

A preliminary idea of this was tested using the MFD and the Shimadzu® LCMS-8060 

system by directly connecting the MFD “Sample Out” line to the rotary valve of the HPLC and 

forming a sample loop using LC tubing. Figure 24 shows the rotary valve and the connections 

involved. Locations 1 and 4 are connected via a sample loop that is 50 uL long, the predicted 

volume of the extraction by the MFD; location 2 is connected to the LC pumps, location 3 is 

connected to a line that is connected to the column, location 5 is a waste line to reduce pressure 

on the system provided by the MFD extraction, and location 6 is connected to the MFD.  
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Figure 25. Rotary valve locations of the MFD directly connected to the Shimadzu® LCMS-8060 rotary 
valve. 1 and 4 are connected by a sample loop, 2 is connected to the LC pumps, 3 is the line to the HPLC 
column and MS, 5 is an added waste line to reduce the pressure implemented by the MFD extraction, and 
6 is where the “Sample Out” line of the MFD is connected. 

With the MFD and the LCMS connected in this fashion, a two-step process is achieved. 

First, the extraction is completed by the MFD and is loaded into the sample loop where it is 

stored until the extraction is complete. Then, after the MFD has completed extraction, the rotary 

valve switches position so the flow from the LC pumps now travels through the sample loop and 

out to be separated by the column and characterized by the MS. In theory, this seems simple 

enough, however in action, it was much more difficult. In the preliminary tests, the majority of 

the extraction was ejected out of the waste line and not stored in the sample loop. As a result, 

very few compounds were observed. Further investigation is needed for better storage of the 

extraction for full sample analysis. 
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6.2. Blood Analysis and the MFD – A Preliminary Study 

Using the MFD for extraction of compounds from blood is a topic of interest for Vinueza 

Labs because it could reduce sample preparation and analysis time for whole blood evidence and 

open the door for biological analyses using the MFD. To ensure that this could work as a 

potential future project, two swab materials, cotton fibers and polyurethane foam, and Noviplex® 

cards, a new plasma separation tool, were doped with clean whole porcine blood purchased from 

Innovative Research (Novi, MI) and whole porcine blood containing a drug solution with 

codeine, oxycodone, hydrocodone, meperidine, fentanyl, cyclopropyl fentanyl, methadone, and 

cyclopentyl fentanyl in order to see if the MFD could extract them from the materials (Appendix 

C for molecular structures). The concentration of the drugs in the solution were 100 ng/mL. 

Noviplex® cards are a new tool that separates plasma from whole blood quickly and efficiently 

on a small spot of material that can be removed from the card for extraction and analysis.62 

Figure 25 shows the Noviplex sample after plasma separation.  

 

Figure 26. Noviplex cards after plasma separation. First card had blood only, the second had blood and a 
higher concentrated drug solution, and the third had blood and a lower concentrated drug solution. 
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The preliminary results from this study showed that one extraction done by the MFD with 

the Noviplex® card was inefficient to remove any compounds, although there are many other 

factors that also played into this. Not enough blood was placed on the Noviplex® card which 

resulted in significantly less plasma separation. On the other hand, both the cotton and 

polyurethane swabs had successful extraction of the compounds. This was corroborated by 

comparing the total ion chromatograms (TICs) of the cotton and polyurethane swabs with clean 

blood and with doped blood. Figure 26 shows three of the compounds, their retention times, and 

their TICs. When comparing the Swab + Blood and Swab + Blood + Drug Solution TICs, a clear 

distinction is observed at the retention times of the compounds. This indicates the presence of the 

compounds in the doped blood sample, proving the MFD can extract compounds from blood on 

swabs. Although only three are shown in Figure 26, similar results were obtained for the other 

seven compounds. 
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Figure 27. Total ion chromatograms (TICs) for codeine, meperidine, and fentanyl extracted from the 
cotton fiber swab. The top row shows the TIC signal for a cotton swab with only blood while the bottom 
row shows the TIC signal for a cotton swab with blood containing the drug solution. The compounds 
were successfully extracted because peaks are observed that are not observed in the blood only extraction 
and the peaks are at the expected retention times for the compounds. 

For both the cotton and polyurethane swabs, successful visualization of the compounds 

was achieved based on their TICs. To observe differences based on the swab material, the 

relative abundances were calculated normalized to the total signal achieved from all 8 

compounds. The compounds that behaved similarly on both cotton and polyurethane are codeine, 

fentanyl, cyclopropyl fentanyl, and cyclopentyl fentanyl. Oxycodone, hydrocodone, meperidine, 

and methadone had higher relative abundances when extracted from the cotton fiber versus the 

polyurethane foam. This is likely due to the differences in pick up that was observed for each 

swab. The cotton fiber swab absorbed the blood quickly and was fully saturated while the blood 
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added to the polyurethane foam stayed on the surface and did not penetrate the foam easily. 

There did not seem to be much of an attraction between the polyurethane swab and the blood. 

These preliminary results are qualitative in nature and more studies are needed to make this a 

quantitative method for bigger impact in the forensic field. Addition of internal standards and 

LCMS and LCMS/MS studies will be the next steps of this project to accomplish quantification. 

Table 8. Relative abundance of each compound normalized to the total signal for the compounds.  

 COTTON FIBER POLYURETHANE FOAM 

CODEINE 2.5% 2.0% 

OXYCODONE 3.0% 1.6% 

HYDROCODONE 4.3% 2.2% 

MEPERIDINE 17.8% 10.3% 

FENTANYL 10.1% 8.5% 

CYCLOPROPYL 

FENTANYL 
13.5% 12.6% 

METHADONE 16.8% 27.5% 

CYCLOPENTYL 

FENTANYL 
32.0% 35.1% 
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APPENDIX A 

Molecular Structures of the 62 compounds in the drug solution. 
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Buprenorphine 

 

Flurazepam 

 

Carisoprodol 
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Oxazepam 

 

Clonazepam 

 

Methadone 

 

Alpha-OH-triazolam 
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Flunitrazepam 

 

Temazepam 

 

Alprazolam 

 

AM-2201-4-OH-
pentyl 
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AB-Fubinaca 

 

Midazolam 

 

UR-144 

 

desmethyl- tramadol 

 

JWH-18-4OH-pentyl 

 

Desmethyl-Tapentadol 

 

N
N

O NH

F

O

NH2

N

N

Cl

N

F

O

N

OH
OH

N

N O

HO N
H



   

94 
 

JWH-250-4-OH-
Pentyl 

 

JWH-073-3-OH-Butyl 

 

AB-Pinaca 

 

Zolpidem-COOH 

 

Mephedrone 
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Mitragynine 
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APPENDIX B 

List of MRM transitions for the compounds investigated in Chapters 3 and 4. 
 

Compound 

Retention 
Time 
(min.) 

Molecular 
Ion (m/z) 

Product 1 
(m/z) 

Product 2 
(m/z) 

Morphine 0.708 285.9 200.95 189 
 Oxymorphone 0.771 302 227 198 
Hydromorphone 0.887 285.9 185 128 
Amphetamine 1.122 136 91.05 118.95 
3,4-Methylenedioxyamphetamine 1.358 179.9 163 135 
Methamphetamine 1.371 149.9 81.15 119.15 
Noroxycodone 1.377 301.9 284 227 
Methylone 1.432 207.9 160 190 
Norhydrocodone 1.445 285.9 199 115 
Codeine 1.446 300 165 58.2 

6-Monoacetylmorphine 
1.477 328.2 165.2 211.2 

desmethyl- tramadol 1.501 250.1 58.1 30.1 
Oxycodone 1.577 316 298.1 241 
3,4-
Methylenedioxymethamphetamine 1.589 193.95 163 105.05 
Hydrocodone 1.642 300 198.95 170.95 
Mephedrone 1.739 178.2 145.2 144.2 
3,4-Methylenedioxy-N-
ethylamphetamine 1.823 208 163 105.2 
Desmethyl-Tapentadol 1.956 208.2 107.2 121.1 
Ritalinic-Acid 2.011 220 84.1 56.1 
Norketamine 2.025 223.9 125 179.1 
Norfentanyl 2.033 233.2 84.2 55.2 
Tapentadol 2.071 222 107.15 121.15 
Zolpidem-COOH 2.15 338.1 265.1 293.1 
Tramadol 2.173 263.05 58.2 42.2 
Ketamine 2.224 238.1 125 207 
α-Pyrrolidinopentiophenone 2.276 232 126.1 77 
Benzoylecognine 2.308 289.9 168 105 
Methylenedioxypyrovalerone 2.431 275.6 205 175 
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Meprobamate 2.455 219 158 97 
7-Aminoclonazepam 2.49 285.9 222.05 121 
Norbuprenorphine 2.51 414.1 83 101 
7-Hydroxymitragynine 2.534 415 190 175 
Phenobarbital 2.604 231.2 41.9 85.1 
Zolpidem 2.656 308 235.1 263 
Butalbital 2.714 222.9 41.7 180.2 
Fentanyl 2.787 337.05 105 188.1 
Buprenorphine 2.834 468.1 55 395.7 
Flurazepam 2.879 388 315 288 
Phencyclidine (PCP) 2.883 244.2 86.2 159.2 
Midazolam 3.075 325.9 291 223 
Mitragynine 3.091 398.7 174 159 
 2-Ethylidene-1,5-dimethyl-3,3-
diphenylpyrrolidine (EDDP) 3.104 277.5 234.1 249.1 
Carisoprodol 3.19 261 176.05 55 
Methadone 3.341 309.95 265.25 105.15 
AB-Pinaca 3.371 361 217.1 145.1 
Lorazepam 3.595 321 275.05 302.9 
Oxazepam 3.653 286.9 241 104.1 
Clonazepam 3.661 316 270 213.8 
Alpha-OH-triazolam 3.739 359 330.9 239 
Alpha-OH-alprazolam 3.801 325 297 205 
Nordiazepam 3.885 270.9 140 208 
Flunitrazepam 3.979 313.6 268 239 
Temazepam 4.051 300.9 254.95 283 
Alprazolam 4.076 309 28.1 274.2 
AB-Fubinaca 4.102 369.1 253.1 369.1 
JWH-250-4-OH-Pentyl 4.179 352 121.2 91.1 
Diazepam 4.293 285.1 193.1 154.2 
JWH-073-3-OH-Butyl 4.325 343.9 55.1 127.1 
AM-2201-4-OH-pentyl 4.399 376.2 155.1 127.2 
JWH-18-4OH-pentyl 4.445 358.2 155.15 127.2 
THC-COOH 4.557 345.2 299.2 193.2 
UR-144 4.797 312.2 125.2 214.2 
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APPENDIX C 

List of compounds analyzed for the Puritan® product study.  

 

Compound Molecular Structure 
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Fentanyl 

 

Cyclopropyl Fentanyl 

 

Fentanyl-D5 

 

 

  

O

N

N

O

N

N

O

N

N

D
D

D
D

D



   

100 
 

APPENDIX D 

List of compounds and their molecular structures investigated in the preliminary blood analysis. 

Compound Molecular Structure 
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Fentanyl 

 

Cyclopropyl Fentanyl 

 

Cyclopentyl Fentanyl 
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