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Abstract  

Monolithic stationary phases are attractive tools for chromatographic separations 

and analyte extraction from complex matrices. Monoliths with porous surfaces can be 

cast as thin films or with flow channels for monolithic chromatographic columns. 

Monoliths describe a wide variety of materials, either organic or inorganic in nature, and 

in several physical forms. Methacrylate-co-ethylene glycol dimethacrylate polymers are 

especially of importance for separations of biomolecules. These polymers exhibit high 

biocompatibility and are highly tunable to isolate compounds ranging from small 

molecules to large molecular weight species, with a wide range or polarities. One way to 

achieve additional selectivity in these polymers is the introduction of molecular 

imprinting through the addition of a template molecule during casting. The template is 

removed after curing, leaving a cavity with high selectivity toward the analytes of 

interest. In this thesis, both molecularly imprinted and non-imprinted monoliths are 

employed for isolation and analysis of molecules of importance from complex biological 

matrices.  

Mycophenolic acid (MPA) is an anti-rejection drug commonly administered after 

organ transplant. The interpatient variability of free MPA in blood is very high, due to 

complex pharmacokinetic and pharmacokinetic properties of the molecule and must be 

closely monitored during and after therapeutic drug administration. A monolithic thin 

film molecularly imprinted polymer (TF-MIP) was developed to selectively extract MPA 

from human plasma in a simple and rapid process.  
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Tyrosine kinase inhibitors (TKIs) are a class of compounds which are commonly 

used as chemotherapeutic agents for cancer patients. A TF-MIP was designed for the 

extraction of representative TKIs (imatinib, dasatinib, ponatinib, and nilotinib) in human 

plasma in a 96-well plate format.  The developed extraction regime allowed for high-

throughput sample processing with a minimum amount of sample handling using small 

volumes of plasma.  

Gene transfer agents (GTAs) are virus-like particles that transport genetic material 

from one bacterium to another. Using a 2-step monolithic chromatographic approach, a 

new method for the preparative isolation of functional GTAs from Rhodobacter 

capsulatus was developed. The isolated particles were intact after isolation and could 

transfer genetic material. The newly developed process allows for purification and 

concentration of the particles for downstream use in biochemical, bacterial, and genetic 

assays, allowing for the advancement of knowledge about GTAs and the discovery of 

previously undiscovered GTAs. The method also has broad applicability to many small 

phages which are the focus of phage therapies that are used to fight antibiotic resistant 

bacterial infections in humans.   

Coated-blade spray (CBS) mass spectrometry is a technique for direct sample 

introduction without traditional chromatographic separation. Innovative CBS workflows 

allow for rapid and simple analyses of a wide variety of compounds. Compared to 

traditional workflows, CBS methods are particularly attractive for biological matrices due 

to simplified sample processing.  A custom coated-blade spray source was developed for 

the Xevo TQ-S where data is presented for measurement of mycophenolic acid, cocaine, 
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MDMA, methamphetamine, methadone and methadone-d3 in human biological fluids. A 

custom source was designed and used to semi-quantitatively measure mycophenolic acid 

on the MX908 handheld MS. A fibreglass fabric-based MIP mesh was used with the 

thermal desorption accessory of the MX908 to measure the organophosphorus pesticides 

malathion and chlorpyrifos in water.  
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General Summary 

In this thesis, new methods for extracting drugs, pesticides, and virus-like particles 

are developed. Polymers were used to separate and extract the previously mentioned 

molecules. Custom polymers were developed that possess holes shaped like the molecules 

of interest, that act like a lock-and-key, allowing only the desired molecule to bind to the 

polymer. Samples of drugs, pesticides, and virus-like particles often contain many other 

molecules which make analyzing them difficult. When these polymers are put into 

samples containing the desired molecules, the molecules, acting as “keys”, can fit into the 

“lock”, and the rest of the sample can be washed away. This method is particularly useful 

for extracting molecules from samples such as blood, urine, wastewater, and cultures of 

bacteria.  

An anti-rejection medication called mycophenolic acid (MPA) is frequently used 

after organ transplantation. MPA levels in blood vary greatly between patients and need 

to be constantly monitored. A polymer to extract MPA and a method to measure MPA in 

human plasma was created. Tyrosine kinase inhibitors (TKIs) are a class of drugs that are 

prescribed to cancer patients for chemotherapy. The representative TKIs imatinib, 

dasatinib, ponatinib, and nilotinib were extracted from human plasma using a polymer to 

extract TKIs and a method to measure TKIs in human plasma was created. Virus-like 

particles called gene transfer agents (GTAs) move genetic material from one organism to 

another. A new technique was created for the large-scale isolation of functional GTAs 

from Rhodobacter capsulatus. After isolation, the particles were intact, containing DNA, 

and capable of transferring genetic material to bacterial cells.   
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1 Introduction and Overview  

1.1 Monoliths 

Chromatographic monoliths, referred to as “monoliths” in this thesis, are 

stationary phases that are cast as a single continuous polymers [1]. Monoliths can be cast 

with porous surfaces in the case of thin film monoliths, or with continuous open pores for 

monolithic chromatographic columns. Monoliths describe a wide group of polymeric 

phases being either organic or inorganic, resins, or gels. The first report of monolith 

preparations for chromatography was in 1966, where a swelled polymer gel was 

described [2], shortly followed by a porous polyurethane [3] reported in 1970. However, 

these early monoliths failed to attain interest for use in further work, mainly due to 

negative chromatographic behaviours and physical performance issues, such as swelling 

or shrinking of the phases when exposed to varying solvent compositions [4].  

The area of monoliths once again gained traction due to advances in the field 

when ultrafiltration membranes began to be manufactured and used in the biotechnology 

industry [4]. In fact, these ultrafiltration membranes are still a staple of macromolecular 

purification workflows today, with Amicon® Ultrafiltration membranes (developed in the 

1980s) commonly employed in most biology and biochemistry labs. One of the first 

reports of a modern-resembling methacrylate based monolithic disc column was 

developed in 1989 by a team of Czech and Russian researchers [5,6], and used for protein 

purification at pressures 3-5 times less than that of similar packed columns at the time [4]. 

Commonly prepared and used monoliths are polyacrylamide gels [7], cryogels [8] , silica 

monoliths [9–12], and methacrylate-based chemistries [4,5]. Industrial research and 



 

 

2 

development efforts have majorly led the development of monoliths, particularly in the 

biotechnology market where the powerful technology has made many biological therapies 

possible. 

 

1.2 Monolithic Thin Films 

Thin film microextraction (TFME) is a technique analogous to solid phase 

extraction (SPE) that consists of a thin film of sorbent, usually a thin layer of monolithic 

polymer, coated on a substrate [13]. Depending on the application, thin films can be 

prepared on numerous substrates from glass, stainless steel, fibreglass, and carbon mesh, 

or even microfibres as in solid phase microextraction (SPME). TFME usually has a larger 

geometric surface area than SPME and the increase in surface area leads to an increased 

capacity. The thin films can be made robust and are resistant to fouling in biological 

matrices like whole blood and plasma. The polarity of the films can be tuned by adjusting 

the constituents and ratios of the polymer components making them more hydrophilic or 

lipophilic.  

 

1.3 Monolithic Molecularly Imprinted Polymers 

Molecular imprinting is the creation of template-shaped cavities in a polymer 

matrix. By introducing molecular imprinting into monolithic polymers used in TFME, we 

can introduce another mode of selectivity [14,15]. Thin film molecularly imprinted 

polymers (TF-MIPs) are analogous to enzyme-substrate binding in biochemistry (Figure 

1.1). A template molecule that is designed to interact with the functional monomer is 
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added to the solution of polymer components (Figure 1.1 C I and II). After 

polymerization in the presence of a crosslinking agent (Figure 1.1 B and C III), the 

template can be removed via washing since the interactions are generally weak and can be 

broken under gentle conditions, allowing for a cavity with a shape and chemical affinity 

for the analyte (Figure 1.1 C IV). For example, an analyte with basic functionality would 

be extracted using a film prepared with an acidic functional monomer and vice-versa 

(Figure 1.1 A). In this way, hydrogen bonding is the main force allowing interaction of 

the analytes with the TF-MIP (Figure 1.1 C III). 

 

Figure 1.1. An overview of molecular imprinting technique and common reagents. A) 

Common functional monomers used in MIP monolith synthesis. B) Common 

biocompatible crosslinking agents used in MIP monolith synthesis. C) A stylized scheme 

of molecular imprinting glucose with methacrylic acid. Created with Biorender.com. 
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Molecular imprinting allows for enrichment of analytes through extraction into 

high affinity binding sites, but the films also have a large number of lower affinity, non-

selective sites for adsorption of non-targeted analytes [16]. Depending on the chemistry 

of the polymer (namely the monomer, crosslinker, and porogenic solvent(s) used in 

preparation of the TF-MIPs), compounds within a specific polarity range will be enriched 

[15,17]. The enrichment of the targeted analyte or class allows for an analytical method 

less hindered by co-extracted matrix interferents as compared to a sample without a 

cleanup step. By employing TF-MIPs in complex biological samples, the need for 

complicated analytical methods and instruments may be diminished based on the 

performance of a particular TF-MIP for a specific set of analytes and the matrix of the 

sample [15]. This allows for more challenging or complex analyses to be carried out on 

cheaper, simpler, and more commonly available equipment, reducing the requirement for 

specialist staff to carry out tests in some cases.  

 

1.4 Convective Interaction Media®  

Convective interaction media (CIM) are bulk polymerized short methacrylate 

monoliths developed through the joint project between the Czechoslovak Academy of 

Sciences in the Institute of Macromolecular Chemistry and the Institute of High 

Molecular Compounds in the Academy of Sciences of the USSR [4] and was 

commercialized by BIA Separations (Slovenia) in the early 2000s (BIA Separations has 

since been acquired by Sartorius). The methacrylate-based monoliths are cast using 

glycidyl methacrylate as the functional monomer. The glycidyl functional group allows 
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the monoliths to be further functionalized into an array of chemistries for different 

applications for reversed phase, ion exchange, bio-affinity and hydrophobic interaction 

chromatography (Figure 1.2) [4].  

 

Figure 1.2: Stylized glycidyl methacrylate monolith demonstrating the post 

polymerization conversions of the epoxide group to useful column chemistries. The left 

side of the graphic shows imidazole functionalization (immobilized metal affinity 

chromatography for tagged proteins), enzyme linkage through a free amino group, and 

reversed phase linkers (for reverse phase chromatography) in descending order. The right 

side of the graphic shows the addition of water (for hydrophobic interaction 

chromatography), addition of amine (for strong anion exchange chromatography), and 

carboxylic acid coupling in descending order. Created with Biorender.com. 
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CIM columns have several practical advantages over traditional particle-based or 

membrane adsorption columns. Firstly, the columns utilize convective mass transport 

(CMT), which relies on the relatively large open pores in the monolith to rapidly move 

the mobile phase and analytes through the column, which is a useful attribute as diffusive 

mass transport into terminal pores is mass-dependent and with compounds of high 

molecular weight, this occurs very slowly [5,18,19]. Additionally, due to the open nature 

of monoliths, there are minimal shear or turbulent forces acting on the molecules as in the 

void volume between particle-based media (Figure 1.3A), or the layers of membrane in a 

stacked-membrane adsorber (Figure 1.3B). The discontinuous flow pathway of stacked-

membrane adsorbers causes turbulent forces in the layers between sheets due to 

irregularity of pores. The highly porous surfaces of the monolith allow for a high binding 

capacity through convective mass transport (Figure 1.3C), while minimizing the effects 

observed in both particle-based and stacked-membrane approaches. 
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Figure 1.3: A) Traditional particle-based sorbent possessing dead volume between 

spherical particles. Points of shear stress as expected by counter-flow are indicated in red. 

B) Stacked membrane adsorber possessing dead volume between layers of membrane. 

Points of shear stress as expected by counter-flow are indicated in red. C) Methacrylate 

based monolith possessing large open pores allowing unrestricted and low-pressure flow 

of sample and mobile phase throughout the sorbent. Created with Biorender.com. 
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Most binding occurs on the surfaces of the monoliths which are highly porous in 

nature, with large open pores in the structure for unhindered flow of the sample (Figure 

1.4) [18]. The combination of convective flow, in addition to both pore diffusion and film 

diffusion on the surface of the monoliths, are responsible for the binding of analytes. The 

binding capacity of these monoliths is quite high as compared to other similar 

chromatographic media, and the low backpressure due to the open pores allows these 

columns to be run at preparative and industrial scale with no loss of chromatographic 

performance. Specifically, it has been demonstrated that these monoliths possess 

chromatographic resolution and binding capacity that are unaffected by flow rates [1,20].  
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Figure 1.4: Scanning electron micrograph at X10,000 magnification of CIM monolith 

material. A highly porous material with a high surface is observed along with large, 

interconnected channels allowing for rapid and low-pressure flow of samples through the 

column. Image reproduced without modification, with permission from Sartorius 

(Ajdovscina, Slovenia) ), original image captured by Aleš Podgornik and Aleš Štrancar 

[19]. 
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The van Deemter equation, 𝐻𝐸𝑇𝑃 = 	𝐴 + !
"
+ 𝐶´𝑢,  is a key component of 

traditional chromatographic theory and describes the relationship between flow rate and 

the “plate height” of a column with given dimensions (Figure 1.5) [21]. The equation 

contains a constant “multiple paths” (A) term which accounts for the channeling obtained 

from non-ideal packing of the column, a “longitudinal diffusion” (!
"
) term which is flow 

rate dependent and exponentially decreases with increasing flow rate, and a “mass 

transfer” (C´u) term that considers resistance to mass transfer by the analyte between the 

mobile and stationary phases, and linearly increases with increasing flow rate. Traditional 

packed chromatographic beds will behave as the plotted example provided in Figure 1.5, 

where a clear minimum in the plate height is obtained at an optimal flow (uopt). At flow 

rates (linear velocity of the mobile phase) less than that of uopt results in a rapid increase 

in plate height due to longitudinal diffusion becoming large at low flow rates. In contrast, 

at flow rates in excess of uopt a gradual increase in plate height is observed, due to the 

increasing mass transfer resistance term as increasing flow rates make partitioning 

equilibrium harder to achieve. CMT is the most common process in monolithic columns, 

which allows for a nearly flat van Deemter curve eliminating upper limits of flow rate in 

the columns [22,23]. 
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Figure 1.5. The van Deemter equation, and the relationship between each term for the 

following hypothetical conditions: A = 1.0 mm; B = 10.0 mm; C  = 0.02 mm s-1 for u  

from 0-100 mm s-1 

 

The porosity of the monoliths can be easily tailored by adjusting the ratio of 

monomer to porogenic solvent [19]. As porogens do not incorporate into the polymer, the 

volume of porogen is a direct way to estimate the void volume of the resulting pores 

[24,25]. The pore size distribution is an important factor in making reproducible devices 

[19]. The pore size is affected by the onset and kinetics of the phase separation process, 
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where monomers and crosslinkers begin to form chains in solution until they reach a 

length that precipitates from the porogenic solvent, forming the solid polymer [26]. The 

pore size is also affected by temperature which directly acts on reaction kinetics, 

solubility of the polymer and the viscosity and diffusion properties of the monomers to 

the growing polymer [27].  

The properties that make monoliths  attractive materials are their generally simple 

preparation [28], high porosity [29] and thus, surface area, which leads to a high capacity 

for binding various samples and compounds [30], as well as CMT [5]. CMT is more 

efficient for high molecular weight species, and convection-based flow through open 

pores have low shear stress and minimal turbulent flow experienced by the analytes. This 

is especially important for delicate biomolecules like proteins, enzymes, and antibodies 

where conformation imparted through non-covalent intramolecular interactions must be 

maintained to conserve activity of the molecule after purification. Due to the beneficial 

properties of monoliths, chromatographic monoliths continue to be an important type of 

chromatographic phase with applications ranging from small molecule separations to the 

largest supramolecular complexes and bioparticles like viruses and phages. 

 

1.5 Analysis of Therapeutic Drugs in Biomatrices 

1.5.1 Therapeutic Drug Monitoring 

Advances in mass spectrometry (MS) have allowed for the growth of its use in 

routine clinical diagnostic testing over the past 20 years [31]. Mass spectrometers bring 

increased sensitivity and selectivity toward analytes of interest as compared to previously 
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dominant technologies such as spectrophotometry and enzyme-linked immunosorbent 

assays (ELISAs) [32,33]. Mass spectrometers are a staple in many clinical laboratories 

due to the increasing complexity of treatments and drugs and the associated responses 

from individual patients becoming more differentiated. Some cases can become very 

complex and therefore a single regimen for medicating all patients is no longer 

acceptable. In the era when mass spectrometers are in most clinical diagnostic facilities, 

we can employ them to carefully monitor therapeutic targets in each patient. This is the 

definition of personalized medicine, where we can employ individualized drug 

monitoring at very close timepoints to dose the patient at the appropriate level [34]. As 

many diseases are not standalone, meaning that a single disease may cause or lead to 

several co-morbidities, each patients’ samples are very diverse and complex. 

 Human plasma is comprised of hundreds of compounds that can interfere in 

traditional analysis methods. The benefit of mass spectrometry related protocols is that 

analytes can be isolated from many of these interfering substances, either 

chromatographically before MS separation or in the MS itself. 

1.5.2 Metabolic variability and blood sample stability 

The most prominent and important consideration when developing a method is 

sample stability [35]. There are several stability tests that can be performed to determine 

how long collected samples are stable under a certain set of conditions. The biggest risk 

to biological sample stability is the presence of reactive molecules and enzymes. Several 

enzymes are still active, even after collection and storage of blood samples, that can 

continue to convert or metabolize targets of interest into a number of metabolites. This 
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would lead to a change in the analytical result that would not accurately represent 

therapeutic levels in patients. Examples of these transformations are glucuronidation, 

acetylation, and methylation (Figure 1.6) [36]. Glucuronic acid can react with 

therapeutics converting it to a glucuronide, of which adducts can be very easily disturbed 

and therefore the amount of free drug can be changed. Glucuronides are sensitive to 

sample preparation and these metabolites can be converted back to the free drug. 

Alternatively, depending on the nature of the drug, we may decide to force all the bound 

compound to be freed from the protein by base hydrolysis, for example [37]. In this type 

of preparation, we can measure the total amount of a drug in the biological system. In 

addition, for a drug with liberal interconversion between free drug and metabolites, we 

may decide to measure both the free drug and the metabolite to obtain a better picture of 

the complete system. Some approaches have been to ensure the MS ionization parameters 

are harsh enough to quantitatively convert drug derivatives back into their parent 

compounds [38]. 
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Figure 1.6: Metabolic transformations of the therapeutic drugs mycophenolic acid, 

isoniazid, and diazepam, demonstrating glucuronidation, acetylation, and methyl group 

cleavage (respectively) to pharmacologically important metabolites. 

  

The most common way to store blood plasma is at -80 °C and normally with the 

addition of an anticoagulant or preservative. At this temperature, enzyme activity is 

minimal, and the extreme temperature will slow any transformation processes that may 

occur. It is important to minimize freeze-thaw cycles as these temperature changes will 

negatively affect the quality of the plasma and the result. Each time the samples are 

thawed, the enzymatic activity increases, converting between forms of the therapeutics 

[33]. The anticoagulant choice could also influence the sample and drug stability. There 

are several different collection chemistries that can be employed, the most problematic of 

which are serum separator tubes (SST). These tubes contain a thixotropic polymeric gel, 
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normally including benzylidene sorbitol that acts as barrier allowing for centrifugal 

separation of serum from whole blood [39]. These gels have been reported to trap 

analytes such as tricyclic antidepressants and less polar antibiotics due to their 

hydrophobic nature therefore they are not suitable for all analyses [39–41]. 

1.5.3 Endogenous interferents 

Matrix interferences are the impact of the sample matrix on a particular analysis. 

Matrix interferences can cause a number of issues related to analytical workflows 

including extraction, separation (normally chromatographic) and detection and normally 

result in an erroneous test result for a given analyte and can either over or under quantify 

the analyte in a given matrix. Endogenous components such as proteins can cause matrix 

interference through a variety of actions [33]. The main actions are binding of drugs to 

protein and proteins acting as a sorbent for the drugs. Due to the nature of the protein, a 

hydrophobic drug may become adsorbed onto the surface of the protein rather than 

staying in the aqueous saline buffer of blood. Proteins have a high surface area, with 

many sites for nonspecific interactions of drugs, as well as specific cavities that can bind 

drugs. Proteins may also precipitate on stationary phases during both sample preparation 

and analytical separations, which can reduce the efficiency of the preparation and 

analysis. Proteins can irreversibly bind to stationary phases, requiring their replacement at 

more frequent time intervals. 

Lipids, due to their hydrophobic nature will interact with hydrophobic drug 

moieties. Lipids may form micelles in the solution that analytes can partition into. 

Surfactants act in a similar way as lipids toward the drugs and may cause reduction in 
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recoveries during sample preparation. There have been many strategies proposed for the 

removal of lipids including chromatographic separation [35], SPE cleanup, and liquid-

liquid extraction [42].  

Sugars and sugar derivatives can react with some drugs to form more polar 

adducts such as glucuronide derivatives previously discussed. Usually in MS analysis, the 

flow from the chromatographic front end is heated while being sprayed to cause a 

desolvation. Generally, to continue this process the orifice and the ion source block of the 

mass spectrometer are heated above 100 °C. At this temperature, sugars will burn on the 

cone and on the first lenses of the mass spectrometer which will quickly diminish the 

sensitivity of the instrument and can cause moderate to major damage to the instrument. 

Sugars and carbohydrates also have the tendency to act as ionization suppressors, 

therefore sufficient chromatographic separation of analytes from these highly polar 

compounds is required [35].  

1.5.4 Sample Preparation and Extraction of Therapeutic Drugs in Blood 

The most common form of sample preparation in a clinical setting is a simple 

“dilute-and-shoot” methodology. This is where a volume of plasma is simply diluted with 

an organic solvent (normally acetonitrile). The resulting mixture is spun down in a 

centrifuge to pellet precipitated protein and other insoluble matrix components. The 

supernatant is then filtered and analyzed [33,43]. This method is quick, cheap, and easy; 

however, it suffers from a lack of preconcentration and in fact, dilutes the sample. The 

benefit of this method is that sample preparation is simple, and in most cases, does not 

usually affect the ratio of free to bound drugs. Several methods have been developed 
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based on this method, frequently using buffer, acid, base or incubation to optimize the 

performance [44].  

SPE is a preferred method of sample treatment. In this method, a solid sorbent 

packed in a column is used to extract analytes of interest from a sample. This technique 

benefits from good preconcentration factors but the phases are expensive and are 

normally single use due to frequent fouling. SPE methods require several optimization 

steps including: breakthrough, loading and desorption volumes [33,44,45]. Developed 

SPE methods are specific to a chosen analyte and cannot be easily transferred to other 

classes of compounds. Several types of sorbents are available including normal phase 

(NP), such as bare silica, or reversed phase (RP), such as C18. Less popular types include 

cation and anion exchange resins and hydrophilic-lipophilic balance (HLB) resins.  

Solid phase microextraction (SPME) has gained attention for its applications in 

biological samples [46–48]. SPME is a microfibre coated with a sorbent, normally a 

mixture of polystyrene/ divinylbenzene (PS-DVB), polyacrylonitrile (PAN), or 

poly(dimethyl)siloxane (PDMS). Due to the small size of the fibre, it is useful for 

sampling in very small volumes such as blood samples. SPME has an equilibrium-based 

quantification as compared to the exhaustive extraction in SPE. SPME is more influenced 

by matrix effects due to this sampling regime. The disadvantages of SPME are the high 

cost of each fibre and the requirement to reuse the fibres. SPME is also easily fouled in 

the biological matrix upon a single exposure which impairs reuse and subsequent 

performance. SPME has many drawbacks as compared to other emerging technologies 

that is likely to restrict widespread clinical adoption. 
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Analogous to SPME, TFME is a microextraction technique that employs a thin 

film of polymer (typically monolithic) cast onto a solid support. TFME devices generally 

have higher surface area of sorbent as compared to SPME and are more flexible in terms 

of polymer chemistry. TFME has proven to be a useful sample preparation technique for 

drugs in plasma when used in conjunction with mass spectrometry [49,50]. 

TFME can be used with an MS in two main ways: the first is solvent desorption where 

the analyte adsorbed on the film is desorbed into a suitable solvent for the analytical 

system (Figure 1.7). For acidic or basic molecules, a pH modifier may be added to aid in 

desorption. This is most commonly employed for liquid chromatography (LC) based 

applications but can also be used for gas chromatography (GC) with a less polar 

desorption solvent. The second approach is by directly coupling the thin films to a mass 

spectrometer, discussed in section 1.5.6.  



 

 

20 

 

Figure 1.7: Blood sample workflow for analysis of plasma using thin films, followed by 

solvent desorption. A) TFME in coated-blade format used for individual sample 

processing of plasma in via format. B) TFME in 96-well microplate format for high-

throughput processing of many patient samples. Automation such as multichannel 

pipetting and 96-well filter plates allow for many samples to be processed simultaneously 

with minimal handling. The filtrate can be directly loaded into a plate and analyzed. 

Created with Biorender.com. 
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1.5.5 Measurement of Therapeutic Drugs Using Mass Spectrometry  

 The most common mass spectrometer in the clinical laboratory is the triple 

quadrupole (QqQ, or more generally MS/MS). Triple quads can isolate specific precursor 

ions from complex mixtures and matrices. Once the selected precursor ions are isolated, a 

collision energy (CE), generated through application of radio frequency (RF) potential is 

applied to the ions in a reaction cell containing collision gas, normally argon, which 

causes further fragmentation. Some of these fragments, or product ions, will break from 

the precursor ion in a very repeatable way, and in an abundance that can be used for 

quantitation at a desired concentration range. Other fragments are not as stable or 

abundant, and thus are typically used as qualifier ions. The main analytical approach to 

monitoring drugs in patient samples is by chromatographic separation before quantitation. 

Triple quadrupole mass spectrometers can be coupled to liquid chromatography systems 

(LC-MS/MS) and are the main workhorses of therapeutic drug monitoring labs 

[33,38,45,51–54]. As compared to their single quadrupole counterparts, triple 

quadrupoles are useful for separating and identifying ions of interest from complex 

samples and noisy backgrounds.  

The main drawback of chromatographic separation is that it can be time 

consuming, requiring additional equipment and higher volumes of solvent as compared to 

MS methods alone. There has been recent interest on developing direct-coupling methods 

to the mass spectrometer [55–58]. In these techniques, an analyte would be desorbed via 

one of several methods directly into the mass spectrometer. The benefit is increased 

sample throughput and less complex equipment. This technique also can introduce the 
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entire extracted mass into the instrument, thereby offering detection limits far below the 

required clinical limits [59–61]. The design of the sorbent is very important for direct 

coupling as any co-extracted matrix interferences will also be desorbed and introduced 

into the MS. 

1.5.6 Direct Coupling of Extraction Devices to MS 

There are a number of ways for direct sample introduction to MS, including direct 

analysis in real-time (DART) [62], desorption electrospray ionization (DESI) [63], coated 

blade, and paper spray. Coated blade spray (CBS) is a subcategory of TFME where solid 

substrate thin films made of a conductive material such as stainless steel can be directly 

coupled to MS. The dried blade, after extraction, is positioned in front of the cone of the 

mass spectrometer [55]. A high voltage is applied followed by a µL-scale addition of a 

suitable desorption solvent. Under the influence of an electric potential, the solvent will 

migrate toward the tip of the blade where a stream of droplets of the desorbed analyte 

solution is sprayed into the MS. The benefit of this type of coupling is that the analysis 

time is very short (15-30 s), and the entire extracted mass can be introduced into the MS. 

This allows for very low limits of detection (LODs) to be achieved with limited sample 

preparation.  

Paper spray (PS) is a technique where a piece of filter paper acts as the electrospray 

ionization (ESI) emitter. Paper spray can directly couple dried blood spots to a mass 

spectrometer. Paper spray has several drawbacks such as being susceptible to matrix 

effects that can lead to rapid fouling of MS inlets [64]. In the past few years, commercial 

paper spray devices have allowed for preanalytical rinsing of the paper to elute some of 
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the interfering substances without introducing them into the orifice of the MS [65,66]. 

There have been several demonstrations of clinical application for PS-MS including 

generating pharmacokinetic curves, however reliable quantitative analysis is still a 

challenge using this technique [58,59]. 

 

1.6 Isolation of Macromolecules 

Macromolecules are large molecules containing more than 103 atoms; the term 

was first coined in 1922 by Staudinger and Fritschi [67]. The IUPAC definition of 

macromolecules is “A molecule of high relative molecular mass, the structure of which 

essentially comprises the multiple repetition of units derived, actually or conceptually, 

from molecules of low relative molecular mass” [68]. The most common examples of 

biological macromolecules are the building blocks of life: nucleic acids (DNA and RNA), 

proteins and saccharides. In addition to these macromolecules, there is also a class of 

supramolecular assemblies in which several macromolecular subunits make up a larger 

superstructure through intermolecular interactions [69]. Examples of supramolecular 

assemblies important to life are structural element of viruses, cell membranes and walls, 

as well as multimeric proteins, enzymes, and antibodies. As both macromolecules and 

supramolecular assemblies are very large, traditional chromatographic theory and 

approaches rarely work effectively for their isolation. In recent years, much attention has 

been given to these molecules as a new era of therapies and treatments for several 

diseases. Examples of treatments that benefit from preparative monolithic purification 

are: mRNA for the COVID-19 vaccine [70], production of anti-VEGF for treatment of 
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macular degeneration [71], and production of interferon [72], which is used as a treatment 

for multiple sclerosis. 

 The first approaches to chromatographic sorbents for macromolecules were both 

cross-linked dextran [73] and modified cellulose columns [74], in the late 1950s, both of 

which are polysaccharide-based and targeted at the size-separation of proteins through 

sieving and buffer exchange/desalting. These phases are highly polar and exhibit 

significant swelling and shrinkage of the phase in addition to being susceptible to 

compression and deformation. These drawbacks led to the development of more rigid 

phases such as modified silica [75] and vinyl polymer gels [76]. These superior phases 

were more rigid and thus more resistant to the pitfalls of the carbohydrate columns 

preceding them. Due to the rigidity of the particles, particle size could be reduced, thus 

increasing the surface area and efficiency of the columns. This allowed for 

macromolecular separations that would have regularly taken several hours to be achieved 

in less than an hour [19].  

Although the more rigid stationary phases were much improved over the first 

generation of macromolecular purification columns, there was still a major barrier to 

increasing efficiency of the separations- the mass transfer. In these phases, mass transfer 

occurs in pores of the particles where the velocity of the mobile phase is close to zero. 

The relationship between mass transfer and molecular weight is inversely proportional, 

thus for macromolecules, mass transfer is very low [19].  

A unique solution to the issue of low mass transfer is to utilize convective mass 

transport (CMT) [77]. Mass transfer occurs in terminal pores, which are single, narrow 
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openings that do not allow a continuous flow and the mobile phase flow in these pores is 

nearly stagnant. In contrast, CMT occurs in open pores, which are tubular openings with a 

3D structure that have defined ends and usually consist of a highly interconnected 

network of pores. In open pores, mobile phase flow has a much higher relative velocity 

than in terminal pores [77]. The first application of a hybrid particle with both properties 

of conventional chromatographic particles in addition to introduction of CMT through 

open channels created by pores in the particle was perfusion particles, in 1990 [78]. 

Perfusion particles possess open pores where mobile phase and analytes flow through in 

addition to terminal pores which allow for an increase in total surface area (Figure 1.8) 

[19]. The benefit of open pores and terminal pores in the same particle is an overall 

reduction in backpressure and an increase in flow rate of sample through the particles. 

Due to the high number of open pores, even particles with a smaller diameter of 2-3 µm 

do not suffer from a high backpressure as compared to a similar sized non-porous 

particle, which is a benefit to increase overall surface area without affecting backpressure, 

in addition to minimal loss in capacity even at much higher flow rates [79]. The main 

drawback of any packed-particle stationary phase is that there is a turbulent void between 

particles and even with reduced particle diameter, the void volume is still significant. 

These effects also cause more mobile phase to flow around the particles, rather than 

through the pores, resulting in less convective mass transfer [80].  
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Figure 1.8: Comparison of modes of mass transport in porous particle media and 

monolithic stationary phases: convective flow (A) around the particle and through the 

channels, film diffusion (B) in a microlayer around the sorbent surface, and pore diffusion 

(C) in the terminal pores. I) Porous particle highlighting the three modes of sorption onto 

particle surfaces. II) CIM monolith possessing a 2 µm open channel in which large 

analytes will bind to the surface through convective mass transfer. Image reproduced with 

modification, with permission from Sartorius (Ajdovscina, Slovenia), original image 

produced by Pete Gagnon. Created with Biorender.com. 

 

Membranes - defined by IUPAC as “a continuous layer, usually consisting of a 

semi-permeable material, with controlled permeability, covering a structure” [68], were 

the next solution to overcome the issue of the void volume between porous particles in 

perfusion chromatography. Membranes exhibit exemplary hydrodynamic properties as 

mobile phases can be passed both over (tangential flow) and through them with negligible 

back pressure and other beneficial hydrodynamic properties in addition to negative 
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chromatographic effects such as significant peak broadening [81]. The main drawback of 

membranes is the low capacity for analytes due to a very low surface area; sometimes 

stacking of several membranes is used to increase capacity, though still with a much 

lower capacity than packed bed columns of similar dimensions [82].  

Although these techniques were powerful, and sometimes still used in niche 

applications, the multitude of drawbacks and the negative chromatographic effects, 

especially when scaling these technologies up to preparative scale have hindered their 

widespread use in industry. The most revolutionary technology in the field of 

macromolecule purification in the past 30 years are monolithic columns. Monoliths have 

been coined “the fourth generation of chromatographic sorbents” for biopolymers [1]. 

Monoliths have rapidly become the leading technology for macromolecule purification 

and have an ideal array of positive chromatographic behaviours, high capacity, 

reusability, and easy scalability. These applications underline how important both 

macromolecular chromatography and specifically, monoliths, have and will be in this era 

of medicine and biotechnology. 

 

1.7 Research goals 

In this thesis work, the use of methacrylate-co-ethylene glycol dimethacrylate 

monoliths for the extraction and chromatographic separation of molecules in biological 

matrices is explored. In Chapters 2 and 3, molecularly imprinted monolithic thin films for 

analysis of therapeutic drugs in human plasma were developed. The compatibility of 
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these devices in several blood pathologies was studied yielding an extraction method that 

is reliable, efficient, and easy to employ for therapeutic drug monitoring.  

In Chapter 2, I designed a TF-MIP for the extraction of MPA from human plasma, 

using a monolith coated stainless steel blade. These coated blades could be used as 

extraction devices in 700-µL of plasma, and with subsequent washing and solvent 

desorption, could effectively extract MPA from plasma with an imprinting factor greater 

than one.  

In Chapter 3, I sought to develop a TF-MIP for the extraction of a representative 

group of tyrosine kinase inhibitors (TKIs). I selected TKIs with varying polarities and 

pKa across the spectrum of therapeutics in this class to demonstrate the broad 

applicability of my developed MIP for TDM of TKIs in plasma. I developed the devices 

in 96-well plates allowing for high-throughput analysis of these drugs in plasma. The 96-

well format allowed for easy and rapid sample processing with minimal input required 

from a technician.  

In Chapter 4, I used commercially available preparative monolithic columns to 

isolate gene transfer agent (GTA) particles from Rhodobacter capsulatus cultures. I 

employed a 2-step chromatographic approach with a first separation employing 

hydrophobic interaction chromatography (-OH functionalized monolith) to capture the 

particles, followed by separation using a strong anion exchange column (-quaternary 

amine functionalized monolith) which allowed for polishing of the crude particle extract, 

as well as on-column buffer exchange required to elute the particles in a buffer that would 

support activity of the functional GTA particles. I optimized the process starting from 
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culture conditions and media selection, through chromatographic gradient design and 

validated the method using both nanoparticle tracking analysis (NS-300), SDS-

polyacrylamide gel electrophoresis and bioassays to measure gene transfer activity the 

isolated particles.  

In Chapter 5, I present preliminary data on directly coupling monolithic extraction 

devices to MS. Custom source interfaces were developed and presented for CBS-MS on 

both the benchtop Xevo TQ-S and the handheld MX908. Various data are presented 

employing both CBS-MS and thermal desorption from MIP mesh for measurement of 

drugs of abuse, mycophenolic acid, and organophosphorus pesticides in various matrices. 

A discussion on limitations and future of the presented devices and systems is provided.  

 Overall, various techniques using methacrylate-based monoliths were used to 

isolate both small and large molecules from biological matrices. As these materials are 

becoming an important part of modern biotechnology and pharmaceutical processes, 

developing new applications and methods is important. I have obtained a wide array of 

experience in both preparing monolithic thin films, with and without molecular 

imprinting, in addition to employing commercial columns for preparative monolithic 

chromatography and coupling of extraction devices directly to MS.  
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2 Development and application of a thin-film molecularly 

imprinted polymer for the measurement of mycophenolic 

acid in human plasma 

2.1 Introduction 

Mycophenolic acid (MPA) is a small-molecule pharmaceutical used as an 

immunosuppressant during stem cell [83] and organ transplantation [84], most commonly 

administered after kidney transplantation as an anti-rejection agent. MPA acts by 

inhibiting inosine monophosphate dehydrogenase which prevents synthesis of guanosine 

which in turn quells production of DNA and proliferation of T- and B-lymphocytes [85]. 

Since 1995, MPA has been widely adopted as the anti-rejection drug of choice for organ 

transplants [84]. Pharmacokinetic and pharmacodynamic variabilities for an individual 

patient, and between patients, continue to present challenges for optimal dosing [86]. The 

observed variability can be attributed to a number of factors, including drug interactions, 

kidney and liver function, and disease status [87].  

The pharmacokinetics are complex; enterohepatic recirculation leads to serum 

concentration increases for 8-12 h after administration, followed by a rapid decrease in 

concentration as the drug is metabolized [88]. Over the course of recovery from renal 

transplant, the bioavailability of MPA steadily increases as renal function is re-established 

[89]. The plasma concentration in the early stages of recovery can vary in an individual 

by as much as a factor of four, leading to dosing challenges [31,90]. Side effects from 

high doses of MPA, which can be mitigated by reducing the dosage to the minimum 
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effective concentration, are abdominal pain, diarrhea and nausea, among others [90,91]. 

Additionally, longer term overdosage of MPA can lead to several  physiological and 

hematologic conditions, including the possibility of opportunistic pathogen and viral 

infections as well as significant damage to both the renal system and heart [92,93]. 

Therapeutic drug monitoring (TDM) of MPA has previously been employed when graft 

deterioration and compliance issues are a concern, however logistical and method 

limitations are barriers to widespread TDM [94]. Nevertheless, TDM for MPA has been 

previously reported using LC-MS [95–99] using common sample preparation methods, 

including protein precipitation [96–98], solid phase extraction [96,100], on-line 

microdialysis [99] or ultrafiltration [97,98]. These approaches are largely manual, time 

consuming, and often require large volumes of plasma. Alternative micro-extraction 

methods are promising for TDM [101]. One previous study reported a 

carbowax/templates resin SPME method with HPLC-UV detection for the measurement 

of MPA in human serum [102].  

 Of the micro-extraction methods, TFME has been employed most often for 

environmental samples [103,104], with additional sensitivity and specificity imparted 

through incorporation of molecular imprinting [105–107]. Recently, this approach has 

been extended to biological samples [108]. By introducing molecular imprinting into 

polymers used in TFME (MIP-TFME) we can add another mode of selectivity to 

polymeric sorbents [14,15]. MIPs are prepared by polymerization in the presence of a 

template molecule with functionality and shape similar to the analyte to form selective 
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cavities in the polymer that are conserved once the template is removed. This selectivity 

allows for development of highly efficient extraction materials suitable for use in TDM. 

 Herein, a new method based on a TF-MIP device is presented for the extraction 

and analysis of mycophenolic acid in human plasma. The process is time and resource 

efficient and capable of accurately quantifying MPA small volumes of plasma (e.g. 

35 µL).  

 

2.2 Methods 

2.2.1 Reagents and Materials  

 All chemicals and reagents were purchased from Sigma-Aldrich (Oakville, ON, 

Canada), were of reagent grade or higher, and were used without further purification 

unless otherwise noted. LC-MS solvents were purchased from Fisher Scientific (Whitby, 

ON, Canada). Ultrapure water was made in-house using a Millipore Milli-Q water system 

(resistivity ≥ 18.2 MΩ cm-1). Both ethylene glycol dimethacrylate (EGDMA) and 4-

vinylpyridine (4-VP) were passed through gravity columns of basic aluminum oxide 

(Brockmann-type I, 50-200 µm, 60 Å), to remove polymerization inhibitors; purified 

products were used within 3 h of purification. A pH 3.0 phosphate buffer was prepared 

according to the European Pharmacopeia 5.0. In short, 12.0 g of anhydrous sodium 

dihydrogen phosphate was dissolved in 700 mL ultrapure water. The pH was adjusted by 

dropwise addition, with stirring, of 10% v/v phosphoric acid in water to a final pH of 3.0. 

The solution was finally diluted to a final volume of 1.0 L and the pH was checked again 

to confirm the final pH of 3.0 was maintained.  
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2.2.2 Instrumentation and Operating Conditions  

 The separation and quantification of mycophenolic acid was performed using an 

Acquity ultra performance liquid chromatograph (UPLC) and a Xevo TQ-S triple 

quadrupole mass spectrometer (Waters Corporation, Milford, Massachusetts, USA ) 

operated in positive ionization mode equipped with an electrospray ionization (ESI) 

source. Chromatographic separations were carried out using an Acquity BEH-C18 column 

(2.1 × 50 mm, 1.7 µm) maintained at 30.0 °C. Isocratic elution consisted of 40% water 

and 60% acetonitrile both with 0.1% formic acid at a flow rate of 0.5 mL min-1. The 

runtime of the method was 1.8 min and the retention time of MPA was 1.13 ± 0.02 min. 

The mass spectrometer was operated in multiple reaction monitoring (MRM) mode 

monitoring two transitions (Table 2.1) that were identified by infusion of a 50 ng mL-1 

solution of MPA into the mass spectrometer using the IntelliStart software (Waters Corp.) 

and confirmed as previously reported [109]. Extracted samples were stored in 

polypropylene vials (700 µL) at 4 °C in the autosampler (SM-FTN, Waters Corp.) prior to 

analysis.  

 

Table 2.1. MRM transitions and mass spectrometer settings. 

Precursor Ion 

(m/z) 

Product Ion 

(m/z) 

Dwell Time  

(s) 

Cone Voltage 

(V) 

Collision 

energy (eV) 

321.1 159.0 0.100 14 30 

321.1 207.0 0.100 14 22 
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2.2.3 Preparation of Extraction Devices 

 Extraction devices were prepared by drop-casting an aliquot of an optimized 

mixture of polymer components made with 5 mmol (905 µL) EGDMA (cross linker), 

1 mmol (106 µL) 4-VP (functional monomer), 0.25 mmol (108 mg) mycophenolate 

mofetil (template), 0.06 mmol (16 mg) 2,2-dimethyoxy-2-phenylacetophenone (initiator), 

2.5 mmol (130 µL) acetonitrile (porogen), and 8.3 mmol (1300 µL) 1-octanol (porogen). 

The solution was sonicated to dissolve the components and to degas the mixture. The 

solution was prepared fresh each time films were to be made. A 3.0 µL aliquot of the 

solution was drop-casted between a stainless-steel blade (0.5 × 2 cm) and a microscope 

cover slide, and then exposed to UV light (254 nm) for 20 min to induce polymerization 

as previously reported [108,110]. The cover slides were gently removed from the 

resulting films, which were subsequently washed with methanol until no template could 

be detected in a blank extraction using a subset of devices from each batch. Methanol, a 

protic solvent, disrupts hydrogen bonding between the template molecule and the 

polymer, allowing for template removal. 

2.2.4  Molecularly Imprinted Polymer Extraction of Plasma 

 Plasma pH was adjusted by adding 0.1 M phosphate buffer pH 3.0 to a final 

volume of 30% v/v. Conical vials (700 µL, polypropylene) were used for extraction of 

MPA from plasma. Seven hundred µL of pH adjusted plasma (blank, patient samples, or 

spiked for method development) was added to the conical vial, followed by the MIP-

TFME device. Agitation to assist extraction was applied using a multi-tube vortex at 

1000 rev min-1. After a 30 min extraction, the MIP thin film was washed with 5.0 mL of 
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ultrapure water to remove residual sample matrix components. The MPA was desorbed 

from the MIP devices using 700 µL of 90% acetonitrile, 9.9% water and 0.1% formic 

acid in a conical vial vortex mixed at 1000 rev min-1 for 2 min. Following desorption, 

MIP thin films were removed from the vial and the solution was syringe filtered 

(0.20 µm, 4 mm, polyethersulfone) before analysis by LC-MS/MS.  

2.2.5 Patient Samples and Demographics  

 Plasma from three patients who were prescribed MPA was purchased from 

BioIVT (Hicksville, NY, USA). All samples were provided as 3.5 mL isolated plasma 

which was shipped at -78 °C on dry ice, stored at -20 °C until use and thawed at 4 °C for 

1 h prior to use. Patient 1 was a 68-year-old Caucasian male diagnosed with 

myelofibrosis, type 2 diabetes, and hypothyroidism. Patient 1 was prescribed 500 mg 

mycophenolate mofetil qd. Patient 2 was a 52-year-old Hispanic male diagnosed with 

end-stage renal disease. Patient 2 was prescribed 180 mg mycophenolate sodium qd. 

Patient 3 was a 48-year-old female of undisclosed race diagnosed with end stage renal 

disease, hyperparathyroidism, vitamin D deficiency, hypertension, and 

glomerulonephritis. Patient 3 was prescribed 360 mg mycophenolate sodium qd. Patient 

demographics and prescribed drugs can be found in Table 2.2. 
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Table 2.2. Patient information 

Patient 1 2 3 
Anticoagulant Sodium heparin Dipotassium EDTA Dipotassium EDTA 
Gender Male Male Female 
Age 68 52 48 
Ethnicity Caucasian Hispanic Other 
Diagnosis Myelofibrosis 

Type 2 diabetes 

Hypothyroidism 

End stage renal 

disease  

 

End stage renal disease 

Hyperparathyroidism 

Vitamin D deficiency 

Hypertension 

Glomerulonephritis 

Medications Actos 30 mg 

Aricept 5 mg 

Aspirin 81 mg 

Cellcept 500 mg 

(mycophenolate 

mofetil) 

Lyrica 50 mg 

Metformin 500 mg 

Namenda 5 mg 

Plavix 75 mg 

Prednisone 10 mg 

Ramipril 5 mg 

Synthroid 125 µg 

Amlodipine 10 mg 

Atorvastatin 40 mg 

Epogen 300 units  

Humalog 8 units 

Lantus 50 units 

Myfortic 180 mg 

(mycophenolate 

sodium) 

Prograf 1 mg 

Lisinopril 5 mg 

Lovastatin 40 mg 

Furosemide 40 mg 

Myfortic 360 mg 

(mycophenolate 

sodium) 

Tacrolimus 10 mg 

Norvasc 10 mg 

Omeprazole 20 mg 

Prednisone 5 mg 

Prograf 1 mg 

Rocaltrol 0.25 µg 

 



 

 

37 

2.3 Results 

2.3.1  Formula Development  

 Mycophenolate mofetil, a morpholinyl ethyl ester and pro-drug of MPA [111], 

was selected as the template due to its similarity to MPA and commercial availability. A 

functional monomer that can act as a proton acceptor, 4-VP, was selected given the acidic 

nature of MPA and crosslinked with EGDMA for its appreciable biocompatibility when 

polymerized [112]. The porogen (porogenic solvent) was optimized by screening several 

solvents that are commonly used in preparing MIPs in biological applications including: 

1-octanol, octanoic acid, diethylene glycol, diethylene glycol diethyl ether, ethylene 

glycol, methanol, acetonitrile, 1-butanol, 1-pentanol, 1,4-pentanediol (data not shown). 

Porogens were only considered if the template molecule, mycophenolate mofetil was 

soluble, then from the porogens that allowed dissolution of mycophenolate mofetil, 

experiments were carried out to identify the most mechanically stable film. The optimal 

solvent in terms of film stability was 1-octanol. This produced a film with excellent 

mechanical stability sufficient to limit polymer erosion during rapid agitation and 

physical manipulation of the MIP-TFME devices in the extraction process. The porogen 

solvent system was modified with 10% v/v acetonitrile required to solubilize 

mycophenolate mofetil. Due to the crucial role in formation of a porous sorbent, porogen 

loading is one of the most important factors to optimize when developing thin film MIPs. 

Experiments to determine the optimal volume of porogen in the polymer 

components solution (Figure 2.1) demonstrate how subtle changes in porogen loading can 

lead to significant changes in adsorption behavior. Similar phenomena for similar MIPs 
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have been previously reported [110]. The highest total MPA recovery was obtained with 

the formula with 1430 µL, which corresponds to the lowest concentration of polymer 

components in the series but resulted in a film with superior mechanical stability as 

compared to lower porogen volume candidates. Increasing the amount of porogen relative 

to the polymer components led to a dramatic decrease in recovery for the non-imprinted 

polymer (NIP) and a general increase in variability between devices. This is likely due to 

the increased fraction of porogen, as compared to the MIP that likely influences when 

phase separation occurs. The variability improves with increased volume of porogenic 

solvent for the MIP. Ultimately, this led us to select the 1430 µL formula, which also 

revealed the greatest imprinting factor (IF 6.04) and MPA recovery. The total volume of 

porogen in the final formula is 1300 µL 1-octanol and 130 µL acetonitrile.  
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Figure 2.1. Relationship between porogen volume, relative recovery of MIP and NIP 

extractions of 50 ng mL-1 mycophenolic acid in plasma, and imprinting factor of 

imprinted polymers as compared to non-imprinted polymers. Imprinting factors are 

shown as data labels above the MIP bars for the respective MIP/NIP pair. Data is 

normalized to the lowest-performing NIP (1430 µL). Error bars ±SD (n=3).  

 

2.3.2 Optimization of the Desorption Conditions  

 Quantitative desorption from the sorbent is required for a reliable analytical 

method. Various solvent systems and desorption times were studied to determine the 

optimum desorption conditions. Acetonitrile (ACN) , methanol (MeOH), water, and 

formic acid (FA) in various mixtures were chosen as potential candidates for the 

desorption solvent, due to their compatibility with the chromatographic separation 

(Figure 2.2A). From this data, it can be observed that the highest desorbed recovery was 
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achieved using a solvent system consisting of 90% ACN, 9.9% water and 0.1% FA. 

Another factor in selecting ACN, as opposed to MeOH, as the organic component to the 

desorption solvent as it was more compatible with the LC solvent system, yielding 

narrower, more symmetrical peaks.  

 
Figure 2.2 A. Comparison of relative recovery of MIP extraction of 50 ng mL-1 

mycophenolic acid in plasma with different desorption solvents. The relative peak area is 

relative to the final selected conditions (ACN/H2O/FA 90/9.9/0.1). B. Comparison of 

desorption time of MIP extraction of 50 ng mL-1 mycophenolic acid in plasma with 90% 

acetonitrile, 9.9% water, 0.1% formic acid. Relative peak area is relative to the final 

selected desorption time (2 minute). C. Sequential two-min desorptions of MPA extracted 

by MIP-TFME from 50 ng mL-1 mycophenolic acid in plasma. Desorption solvent: 90:10 

acetonitrile: 0.1% aqueous formic acid. Error bars ±SD (n=3). 
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The desorption time was studied to determine the minimal time required to extract 

the majority of the MPA from the film. Desorption times of 2-, 10- and 15 min were 

tested (Figure 2.2B). These times were seleced based on initial screening that showed that 

the desorption process with selected solvent was quite fast. No significant difference 

between the desorption times tested were observed, where both 10- and 15 min 

desorptions were yielding the same recovery compared that a two-min desorption. The 

high observed variability in standard deviation (SD) is expected because three individual 

devices were used for each condition, thus contributing to the presented error due to inter-

device variability. In conclusion, a single, two-min desorption with 90% acetonitrile, 

9.9% water and 0.1% formic acid is used to quantitatively desorb the extracted MPA from 

the thin films.  

It was then investigated if a single 2 min desorption could recover the majority of 

the extracted mass (Figure 2.2C). Nearly 95% of the extracted mass is recovered in the 

first desorption while 3.4% and 2.2% are recovered during second and third desorptions, 

respectively. 

2.3.3 Optimization of Extraction Conditions 

 The pH of the sample during extraction can have a significant impact on the 

extraction efficiency mainly due to the ionization of labile protons (pKa). As MPA is 

neutral in its protonated form (pH<pKa), reducing the plasma pH will convert more MPA 

to its neutral form, which is favored for adsorption to the thin film. We compared 

unadjusted plasma, plasma supplemented with 0.1× PBS pH 7.4 (10% v/v), and plasma 

with varying amounts (10-40% v/v) of a 0.1 M pH 3.0 phosphate buffer (Figure 2.3). 
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When increasing amounts of pH 3.0 phosphate buffer are added to the plasma, a marked 

increase in total MPA recovery was observed, whereas recovery was slightly reduced 

with addition of PBS (pH 7.4). The increased recovery due to sample acidification was as 

high as 10× relative to unadjusted samples, which demonstrates the need for pH 

adjustment in the plasma samples as a pre-treatment before extraction. Although addition 

of 40 mM concentration led to the highest apparent recovery, the increased inter-sample 

variability is a demerit and meant that the recovery was not statistically different than 

adjustment with 30 mM PB pH 3.0. A final concentration of 30 mM PB pH 3.0 was 

selected with 19.4% recovery relative to 2.2% for the unadjusted samples. Adjusting the 

PB concentration above 40 mM is impractical due to excessive dilution of the sample and 

concentrations greater than 0.1 M PB required to dilute the plasma may cause 

precipitation of blood plasma components, resulting in reduction of analyte recovery. The 

dilution of plasma samples is considered mathematically when calculating the plasma 

concentration. As this is an equilibrium-based extraction regime, we do not expect 100% 

recovery, and thus the obtained percent recoveries presented as data labels in Figure 2.3 

are sufficient to obtain the required clinical lower limits of quantification for the method. 
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Figure 2.3. Comparison of relative recovery of MIP extraction of 50 ng mL-1 

mycophenolic acid in plasma, and with addition of phosphate buffer solution (PBS). 0.1× 

PBS pH 7.4 contains the following: 13.7 mM NaCl, 0.27 mM KCl, 1.0 mM Na2HPO4, 

and 0.18 mM KH2PO4. Relative recovery to unadjusted plasma. Data labels are % 

recovery, error bars ±SD (n=3). 

 

2.3.4 Optimization of Extraction Time and Extraction Linearity  

 To determine optimal extraction time, an extraction time profile was generated 

that compared the MIP extractions, NIP extractions, and imprinting factor at varying time 

points (Figure 2.4). We observe a significant imprinting effect from the MIP at early time 

points, with the NIP lagging in initial extraction rate. From the observed trends, 30 min 
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extractions were selected as they had relatively high recovery but were still rapid enough 

not to be logistically limiting in the laboratory when processing many samples in parallel. 

This timepoint also appears to be nearly equilibrium for the MIP, but not the NIP, and 

gives an imprinting factor of 2 at this time. 

 

Figure 2.4. Time profile of MIP and NIP extractions of 50 ng mL-1 mycophenolic acid 

from plasma, and the corresponding imprinting factor at each time point. IF represents the 

imprinting factor of the molecularly imprinted polymer as compared to the non-imprinted 

polymer at each timepoint. Error bars ±SD (n=3). 
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Using the 30 min extraction time, an extraction calibration curve was generated from 

spiked, pooled plasma (Figure 2.5). The extraction of MPA from plasma using this device 

is linear from 5-250 ng mL-1. The obtained linear range is relevant to clinical samples as 

the target concentration of free MPA in the plasma is expected to be approximately 

50 ng mL-1 [113].  

 

Figure 2.5. Extraction calibration curve of mycophenolic acid in plasma. Error bars ±SD 

(n=3). 

 

2.3.5 Analytical Performance Thin Film MIPs for Determination of MPA in Plasma 

 The sum of the peak areas for two MRM transitions (321.1→159.0 and 321.1 → 

207.0) for MPA were used for all quantitation. An external calibration curve was 

prepared to determine the instrumental linear range (Figure 2.6). We determine the 
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instrumental response to be linear from 1-500 ng mL-1. This range is suitable for the 

extraction calibration range that has been determined for our device (Figure 2.5). 

 

Figure 2.6. External calibration curve of mycophenolic acid from 1-500 ng mL-1. Error 

bars ±SD and are too small to be observed on this scale. The %RSD ranged from 0.4% to 

1.69% with an average RSD per point of 0.77% (n=3). 

 

2.3.6 Analytical Figures of Merit  

 The figures of merit for the method are found in Table 2.3. The inter-device 

variability was slightly less than 10% (n=10). This indicates that the devices could be 

used as a disposable device with high repeatability associated with manufacturing of the 

coatings. The method working range is from 5-250 ng mL-1 and was linear across all 

concentrations studied. The dose of free MPA observed in patients is expected to fall 

within both the method and instrumental (1-500 ng mL-1) linear ranges. The expected 
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concentration of free MPA in the plasma ranges from 5-270 ng mL-1 [87,109], while the 

total MPA in plasma ranges from 1000- 3500 ng mL-1 [83]. As we did not incorporate a 

hydrolysis step into the method, we expect to be measuring free MPA.  

 

Table 2.3: Analytical figures of merit for thin film MIP devices for the analysis of 

mycophenolic acid from human plasma.  

Instrumental linear range 1-500 ng mL-1 

Method linear range  5-250 ng mL-1 

Instrumental limit of detection (LOD) 0.3 ng mL-1 

Instrumental lower limit of quantification 

(LLOQ) 

1 ng mL-1 

Intra-day variability  15 ng mL-1 = 13.8% (n=3) 

85 ng mL-1 = 4.3% (n=3) 

Inter-day variability 15 ng mL-1 = 13.5% (n=3) 

85 ng mL-1 = 11.5% (n=3) 

Inter-device variability 9.6% (n=10) 

 

2.3.7 Analysis of Patient Samples  

 As organ transplantation is not conducted in the province of Newfoundland and 

Labrador, we did not have access to fresh patient specimens undergoing treatment with an 

MPA based regimen. Alternatively, we sourced donated plasma from patients from the 

United States of America who were undergoing MPA treatment. The plasma was thawed 
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to be aliquoted for shipment to us, in addition to several freeze-thaw cycles from 

unplanned power outages on campus and the COVID-19 pandemic lockdowns. Upon 

return to the laboratory, we attempted to acquire new samples, however the pandemic 

situation in the US resulted in no sample availability due to closure of collection sites.  

We suspected the samples may have elevated free MPA concentrations as repeated 

freeze-thaw cycles and elevated temperatures will cause bound MPA to degrade back into 

the unbound form.  

As anticipated, patient samples showed very high concentrations of MPA in the 

plasma outside of the calibration range of the method. To accurately quantify MPA in the 

treated patient samples, a 1:20 dilution in twice charcoal stripped pooled plasma was used 

as a diluent for extraction before pH adjustment as previously described. By using 

charcoal stripped plasma for dilution of the samples, a consistent amount of matrix was 

present in the samples allowing for variable dilutions based on patient dosage, while 

maintaining the complexity of the sample with respect to potential interference by 

endogenous compounds and maintaining consistency in the physicochemical properties of 

the sample. The method could also be modified to incorporate dilution with standard 

buffer systems, which will not diminish device performance. In the case of our plasma 

samples, only 35 µL was used for each extraction representing a 20× dilution. This allows 

for a broader range of concentrations to be measured using this method, by adjusting the 

volume of patient sample used, should it be necessary. However, the greatest advantage to 

the method is the small sample size required which allows for a reduction in the required 

blood draw from the patient, enabling more tests to be conducted on less blood, and thus 
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less harm to the patient. As can be observed in Table 2.4, the measured plasma 

concentrations correlate well with the daily prescribed doses bearing in mind that 

pharmacodynamics vary dramatically between patients.  

 

Table 2.4. Results of patient sample analysis for MPA. Plasma concentrations correlate 

with daily prescribed dosage. Samples were quantified using the extraction calibration 

curve (Figure 2.5) generated by spiked pooled plasma.  

Patient 

Measured 

Concentration 

(avg ng mL-1, 

n=3) 

Dilution 

factor 
SD 

RSD 

(%) 

Plasma 

concentration 

(ng mL-1) 

Daily prescribed 

dose 

(mg, as MPA) 

1 196.2 1:20 19.6 10 3924±392 369 

2 49.2 1:20 1.5 3 984±30 168 

3 189.6 1:20  19.0 10 3791±379 337 

 The transition ratios for MPA were tabulated for all types of experiments as a 

simple assessment of matrix effects. Ratio variability is within acceptable ranges as 

defined by the Clinical Laboratory Standards Institute (CLSI) C50-A guidance 

documentation [114]. The maximum allowable tolerance for a second transition is ≤25% 

for a transition that is 20-50% of the base peak response. For 126 measurements, the 

average transition ratio was stable at 0.489 ± 0.018 (Figure 2.7). This small variability 

between calibration standards, matrix, and patient samples indicates that spectral matrix 

effects are minimal. Blank matrix extraction of plasma gives signal far below the LOD of 
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the method, indicating that the MIP extraction was successful in removing potential 

chromatographic interferents, as compared to plasma that is directly injected in which 

large, interfering peaks can be observed. The overall variability of 3.7% for a transition at 

~ 49% of the base peak, with the authentic samples giving less than 8%, is well within 

prescribed limits. 

 

Figure 2.7. Transition ratio monitoring of two channels in calibration standards, spiked 

pooled plasma and patient samples. For each column, n = the number of injections for 

each sample is presented with %difference between the response for the samples relative 

to calibration standards. Error bars are ±SD for n measurements. 

 

2.4 Discussion 

A MIP thin film device was developed to rapidly extract MPA from human 

plasma. The MIP yielded a higher recovery of the drug compared to the analogous non-

imprinted polymer (NIP). The method was optimized using pooled blank human plasma. 
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Analysis of an extraction time profile showed 30 min provides sufficient recovery to meet 

detection limits required for the MPA therapeutic clinical range. The desorption solvent 

system, 90% acetonitrile, 9.9% water and 0.1% formic acid, has been optimized to allow 

for near-complete desorption of the MPA from the film in 2 min. The full method, 

including sample preparation and UPLC-MS analysis, can be completed in 45 min. Use 

of equipment for multiplexed sample processing (e.g., a multi-position vortex mixer), 

allow a single technician to process more than 96 samples per h.  

 The LOD and LOQ are 0.3 and 1.0 ng mL-1 respectively with a linear range from 

5-250 ng mL-1. The intra- and inter-day variability was determined to be 13.8% and 4.3% 

(15 ng mL-1) and 13.5% and 11.0% (85 ng mL-1), respectively (n=3). The inter-device 

variability was 9.6% (n=10). The low inter-device variability makes these devices 

suitable for single use in a clinical setting. Due to complexities with the acquisition of 

patient plasma, the samples tested were above the linear range of the method. The volume 

of patient plasma was reduced to 35 µL using the method for the samples to place 

concentrations within the linear range of the method. We expect that with fresh patient 

plasma, we would be able to effectively measure free MPA in the linear range of the 

method. Dilution of the patient samples (20×) was completed with charcoal stripped 

pooled plasma which allowed for less volume requirement from patients and 

standardization of the amount of matrix independent of treated plasma input. This 

demonstrates that the method can be adapted for limited plasma volumes with minimal 

effect on performance, demonstrating the highly flexible nature of MIP thin film 

extraction devices for both clinical applications and TDM. Plasma was obtained and 
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analyzed from patients prescribed MPA. The amount of MPA in the samples ranged from 

984-3924 ng mL-1 with an average RSD of 7.7% (n=3).  As demonstrated by the required 

dilution of the degraded plasma, this method could be easily modified to include a 

hydrolysis step to measure total MPA, if desired. The main modifications to the protocol 

would be hydrolysis followed by dilution of the sample, approximately 20×. 

In conclusion, the developed devices extract MPA in a single step and time from 

sampling to result is 45-minutes. The films demonstrate a high level of reproducibility 

and sensitivity toward the analyte, being assisted by molecular imprinting. This novel 

method and device could be used for TDM of MPA in a clinical setting where throughput 

and time-to-result are critical. This approach can easily meet sensitivity requirements 

while using small volumes of plasma as demonstrated by 35 and 700 µL volumes used in 

this study. Since the cost-effective single-use devices can be made quickly and efficiently, 

they can be used to increase throughput in clinical labs and are adaptable for use in 

microplate preparation systems. 
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3 A thin-film molecularly imprinted polymer for the 

measurement of tyrosine kinase inhibitors in human plasma 

3.1 Introduction 

 Tyrosine kinase inhibitors (TKIs) are common anti-tumor agents. As the name 

suggests, they inhibit tyrosine kinases and were first identified as tyrosine 

phosphorylation inhibitors in 1988 [115]. Through computational and combinatorial 

approaches, many TKIs were developed during the past 30 years. A benefit of this class 

of drugs is the specificity of enzyme targets, with the ability to accurately distinguish one 

kinase from another, thus being very specific for a single type of cancer, for example. 

This has led to widespread usage of these drugs to treat various types of cancers and 

tumors ranging from blood cancers to solid tumors. One drawback in the use of TKIs in 

clinical practice is the high concentrations of drug required for treatment. Dosage is also 

close to the toxic limit for the patient, and thus warranting the use of therapeutic drug 

monitoring (TDM). In the current study, we developed a molecularly imprinted polymer 

(MIP) based extraction system in a 96-well format for the rapid extraction and 

quantification of 4 TKIs from human plasma using LC-MS/MS.  

 The four TKIs used in this study are imatinib (Ima), nilotinib (Nil), dasatinib 

(Das), and ponatinib (Pon). A table containing their structures and relevant physical 

constants can be found in Table 3.1. These four drugs were selected as they are currently 

the commonly prescribed TKIs in North America and are exemplary of the wide range of 

concentrations often employed in TKI dosage. For example, imatinib and nilotinib are 
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high-range TKIs with a target plasma concentration of at least 800 ng mL-1. Ponatinib is a 

low dosage TKI with target plasma concentration of at least 22 ng mL-1 and dasatinib is 

an extremely low range TKI with a target plasma concentration of 1.5-50 ng mL-1 [116].  
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Table 3.1. Structures, relevant physical constants, and generation number of studied TKIs.  

Compound Chemical Structure Mol. Wt.  logP pKa TKI 

Generation 

Imatinib 

(Ima) 

 

493.6 3.5 11.96 1 

Nilotinib 

(Nil) 

 

529.5 5.36 11.89 2 

Dasatinib 

(Das) 

 

488.0 1.8 8.56 2 

Ponatinib 

(Pon) 

 

532.6 4.97 11.96 3 
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 Imatinib was the first TKI to be developed and commercialized. Unlike previously 

developed drugs, imatinib was one of the first to bind to ABL [117,118], a tyrosine 

protein kinase thus blocking the nearby ATP binding site, while previous drugs targeted 

the enzyme substrate binding site explicitly [119]. Limiting the accessibility to the ATP 

binding site provides for high specificity toward leukemic cells versus healthy cells [118]. 

Unknown at the time of commercialization, imatinib would become one of the most 

influential TKIs used in clinical practice [120,121], especially for the treatment of chronic 

myelogenous leukemia (CML) . Although imatinib has increased the life expectancy of 

patients with CML to near-general population levels [122], the long duration of treatment 

has led to proliferation of drug-resistant cancers in some patients through random 

mutation of ABL with a lower binding affinity [123].  

Nilotinib, a second-generation TKI, is 10-30 times more potent than imatinib 

[124] used in severe cases of CML or with patients who do not respond to imatinib 

treatment. Although nilotinib is more effective than imatinib, higher risk of serious side 

effects limits its use [125]. Ponatinib is a third-generation inhibitor of ABL kinase 

specifically developed to overcome several mutations that lead to resistance of both 

imatinib and nilotinib [126], including the most common T315I mutant [127]. Of the 

second-generation TKIs, dasatinib is unique as it shows broader inhibition of both 

tyrosine kinases and Src kinases, with the latter commonly associated with breast cancers 

[128]. Like nilotinib, dasatinib is a more potent TKI developed to overcome resistance to 

imatinib and analogues and is a much stronger inhibitor of activated BCR-ABL kinase 

than either imatinib or nilotinib [129]. 
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In contrast to many anticancer drugs administered by intravenous infusion, TKIs 

are normally administered orally. Oral administration of drugs leads to an increased 

variability in plasma concentration due to several factors including rate of gastrointestinal 

absorption, genetics, drug-interactions, diet, and other patient habits [130]. Complicating 

matters, some TKIs also interact with their own transporters and enzymes responsible for 

their metabolism, thus making estimation of plasma concentration very unpredictable 

[131]. This variability, in addition to risks of numerous adverse events associated with 

high dosage of TKIs, warrant the institution of therapeutic drug monitoring (TDM) in 

clinical practice. As a clinical tool, TDM is useful in optimizing drug dosing to maximize 

clinical effectiveness while avoiding toxicity and other adverse events [132]. For 

example, interpatient trough levels of Ima have been shown to be as high as 16-fold with 

a typical 400 mg dosage once per day [133]; similar variation is reported for other TKIs 

[134–136].  

Analytical approaches to the quantitation of TKIs are numerous and varied 

including capillary electrophoresis [137], enzyme-linked immunosorbent assay [138], 

high-performance liquid chromatography with UV detection (HPLC-UV), with mass 

spectrometry (LC-MS), and coupled to tandem mass spectrometers (LC-MS/MS) 

[116,139–141]. A large number of methods focus on Ima as it was the first and most 

prominent TKI. Of all approaches, LC-MS/MS is the most commonly reported in the 

literature for a number of reasons, primarily related to the specificity and sensitivity of a 

triple quadrupole mass spectrometer [142]. Sample preparation approaches for 

measurement of TKIs in plasma are extensively LLE and SPE based methods [139]. 
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These techniques can be time consuming and often involve multiple extractions using 

hazardous solvents. Thin-film molecularly imprinted polymers (TF-MIPs) have been used 

for environmental samples [105–107,110] and most recently, for biological samples 

[108]. TF-MIPs have many advantages over LLE and SPE based approaches due to the 

ease-of-use, tunability, simple manufacture, and low cost to produce [49]. By introducing 

molecular imprinting, we can add another factor of selectivity to polymeric sorbents for 

thin-film microextraction [14,15]. MIPs are prepared by polymerization in the presence of 

a template molecule with functionality and shape similar to the analyte to form 

complementary selective cavities in the polymer once the template is removed. The added 

selectivity of molecular imprinting in TFME devices allows for development of highly 

efficient extraction materials suitable for use in therapeutic drug monitoring. 

 Herein we present a TF-MIP in a 96-well plate format for the extraction and 

analysis of Ima, Nil, Das, and Pon in human plasma. The process is time and resource 

efficient and capable of accurately and concurrently extracting and quantifying TKIs from 

200 µL plasma with little sample preparation.  

 

3.2 Experimental 

3.2.1 Reagents and Materials  

 All chemicals and reagents were purchased from Sigma-Aldrich (ON, Canada) 

and were of reagent grade or higher and were used without further purification unless 

otherwise noted. Imatinib (98.0+%, I09061G) was purchased from TCI America (OR, 

USA); dastinib (99%, D3307500MG) from LC Laboratories (MA, USA); and ponatinib 
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(99.5+%, AP24534) and nilotinib (99.5+%, AMN-107) from Selleckchem (TX, USA). 

LC-MS grade solvents were purchased from Fisher Scientific (ON, Canada). Ultrapure 

water was made in-house using a Millipore Milli-Q water system (Resistivity ≥ 

18.2 MΩ cm-1). Both ethylene glycol dimethacrylate (EGDMA) and 2-N-morpholinoethyl 

methacrylate (N-MEMA) were passed through gravity columns of basic aluminum oxide 

(Brockmann-type I, 50-200 µm, 60 Å), to remove polymerization inhibitors prior to use. 

The ASSURANCE™ Interference Test Kit for routine interferents (INT-01) was 

purchased from Sun Diagnostics (ME, USA). Pooled human plasma (2× charcoal 

stripped) was used for all experiments and was purchased from BioIVT (NY, USA). 

Plasma was stored at -20 °C until use and thawed at 4 °C for 1 h prior to use. 

3.2.2 Instrumentation and Operating Conditions  

 The separation and quantification of TKIs was performed using an Acquity ultra 

performance liquid chromatograph (UPLC) and a Xevo TQ-S tandem mass spectrometer 

(Waters Corporation) operated in positive ionization mode equipped with an electrospray 

ionization (ESI) source. Chromatographic separation was carried out using an Acquity 

BEH-C18 column (2.1 × 50 mm, 1.7 µm) maintained at 30.0 °C. Gradient elution with 

solvents A (water and 0.1% FA) and B (ACN and 0.1% FA) at a flow rate of  

0.5 mL min-1 initially at 12% B, and increased from 12 to 15% B from 0 min to 0.25 min, 

then increase to 40% B from 0.25 min to 1.5 min, then to 60% B from 1.5 min to 2.4 min 

and to 90% B from 1.5min to 3.0 min. The system then returned to initial conditions at 

3.10 mins with a total runtime of 3.90 min. The mass spectrometer was operated in 

multiple reaction monitoring (MRM) mode using two transitions for each drug 
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(Table 3.2). MIP extracted samples were filtered using MultiScreen Solvinert hydrophilic 

PTFE 0.45 µm filter plates (Millipore) into flat-bottomed polystyrene 96 well plates 

(corning 9017) and sealed with a polypropylene adhesive sealing film (BrandTech 

781930) at 18 °C in the autosampler (SM-FTN, Waters Corp.) prior to analysis.  

 

Table 3.2. MRM transitions, mass spectrometer settings and retention compounds of 

monitored analytes. 

Compound RT 

(min) 

Transition 

type 

Precursor 

Ion (m/z) 

Product 

Ion 

(m/z) 

Dwell 

Time  

(s) 

Cone 

Voltage 

(V) 

Collision 

energy 

(eV) 

Das 2.20 
Qual 

488.2 
232.1 

0.066 55 30 
Quant 401.1 

Ima 1.75 
Qual 

496.4 
104.1 

0.049 50 30 
Quant 184.1 

Nil 2.60 
Qual 

530.1 
259.1 

0.066 70 
55 

Quant 289.1 30 

Pon 2.90 
Qual 

533.00 
101.0 

0.049 42 
22 

Quant 260.2 30 

 



 

 

61 

3.2.3 Instrumentation and Operating Conditions: Formula Development 

 The separation and quantification of TKIs for formula development was 

performed as above except isocratic chromatographic separations were carried out using 

55% water and 45% acetonitrile both with 0.1% formic acid at a flow rate of  

0.5 mL min-1 on an Acquity BEH-C18 column (2.1 × 150 mm, 1.7 µm) with a method 

runtime of 1.8 min. The MS conditions were the same as above.  

3.2.4 Preparation of Extraction Devices 

Extraction devices were prepared by drop casting 30.0 µL of a freshly prepared 

and degassed (by sonication) solution of polymer components {2 mmol (378 µL) 

EGDMA (crosslinker), 1 mmol (191 µL) N-MEMA (functional monomer), 1 mmol 

(172 mg) adenine hydrochloride (template), 16 mg 2,2-dimethyoxy-2-

phenylacetophenone (initiator) in 1100 µL of dimethyl sulfoxide (DMSO)} into wells of 

flat-bottomed polystyrene 96 well plates (Corning 9017). The polymer solutions in 

microplates were exposed to UV light (254 nm) for 30 min in a UV Crosslinker (UVP, 

CL-1000) to form a porous opaque film in the bottom of the well. The films were washed 

with acetonitrile for 10 min (several exchanges of solvent) followed by several volumes 

of distilled water over 10 min. The prepared devices were then able to be used directly. A 

non-imprinted polymer (NIP) was prepared in the same way as a control, except that 

adenine hydrochloride (template) was omitted from the formulation.  

3.2.5 Selection of Microplates  

Plastic microplates are produced from a range of materials that can affect the 

stability of the film coatings and the specificity of the adsorption. During initial 
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experimentation of drop casting MIPs in microplates, we tested both polypropylene and 

polystyrene microplates. Casting polymers with vast differences in porogen and 

monomer, we were unable to easily prepare stably bonded MIPs in polypropylene plates, 

likely due to the inert nature of PP and the smooth finished surface. Polystyrene plates 

were determined to be better candidates for making MIPs as they yielded stable films 

under the varied conditions tested (data not shown). One factor that may enhance the 

physical bonding of the cast polymers in this experimental setup is that DMSO may 

partially dissolve the well surface of the plate and allow for a rougher surface for the 

polymer to bind to. We selected three polystyrene plates with different coating options, as 

candidates to use for these MIP devices. The first plate, an untreated polystyrene 

microplate manufactured by Corning (P/N 9107), is considered “medium binding” with a 

primarily hydrophobic surface. The second and third plates tested were considered 

“treated”; though the exact treatment is a proprietary process typical treatments involve 

surface modification by a plasma to add hydroxyl functionality to make the hydrophobic 

surface into a more hydrophilic one by directly functionalizing the surface with polar 

moieties [143,144]. In this study, we compared the plates from both Celltreat (“tissue 

culture treated” P/N 229015) and Thermo Scientific (“Nunclon-Delta treated” P/N 

168055). Twelve different formulas, representing two different photointiators and a non-

imprinted polymer as well as several adenine imprinted polymers were cast and tested in 

triplicate in each plate type (Figure 3.1). The relative sum of peak areas for the four drugs 

was compared to the untreated (Corning 9017) plates. It was determined that the untreated 

plate provided the highest recovery as compared to the treated plates.  



 

 

63 

 

Figure 3.1. Comparison of plate type on recovery of mixed extraction of imatinib and 

nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) and ponatinib (200 ng mL-1) in 

plasma. Data represents 12 formulas in triplicate for each plate (6 MIPs and 6 NIPs). 

Relative peak areas are the sum of the recovery of 12 formulas as compared to the non-

treated plates. Error bars are average SD of the 12 formulas (n=12). 

 

3.2.6 Molecularly Imprinted Polymer Extraction of Plasma 

 Plasma, untreated or spiked with individual drugs or mixtures in ACN such that 

sample contained no more than 5% ACN v/v (i.e., 50 µL/1 mL plasma), was deposited in 

200 µL aliquots to selected wells of the 96 well plate. The plate was sealed with an 

adhesive polyester-based sealing film (PCR-SP, Axygen) and agitated for 30 min using a 

digital advanced vortex mixer (VWR, 89399-884) with a microplate attachment at 

1000 rev min-1 to enhance extraction. After extraction, the plasma samples were removed, 

and the wells of the plate were washed with 300 µL of ultrapure water. The plate was 
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inverted on paper tissue momentarily to remove excess water. The analytes were then 

desorbed from the film using 200 µL ACN in each well with agitation at 1000 rev min-1 

for 15 min. Following the desorption, the solution was removed from the plate using a 

multichannel pipette and passed through a MultiScreen Solvinert hydrophilic PTFE 

0.45 µm filter plates (Millipore) into a clean 96 well plate for analysis.  

3.2.7 Formula Development 

The final formula was obtained through screening of selected candidate templates, 

functional monomers, crosslinkers and porogens for both their chemistry and amount. 

Templates tested include, 2-(2-methyl-5-nitrophenylamino)-4-(3-pyridyl) pyrimidine, 

3-amino-4-methoxybenzanilide, 4-aminobenzanilide, adenine hydrochloride, and 4-

acetylpyridine. Functional monomers included methacrylic acid, 2-aminoethyl 

methacrylate, 2-N-morpholinoethyl methacrylate, tetrahydrofurfuryl methacrylate, and 

glycidyl methacrylate. Crosslinkers included ethylene glycol dimethacrylate, 

pentaerythritol tetraacrylate and 1,4-divinylbenzene. Porogenic solvents tested were 

DMF, DMSO, 1-octanol, and ACN. Structures and physiochemical properties of 

components of the final formula can be found in Table 3.3. 
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Table 3.3. Structures and physiochemical properties of compounds used in the final 

formula. 

Compound Chemical Structure Mol. Wt.  logP pKa Density 

(g/mL) 

Adenine 

 

135.13 -0.1 9.80 - 

Ethylene glycol 

dimethacrylate  

198.218 1.9 -6.5 1.051 

2-N-

morpholinoethyl 

methacrylate 
 

199.25 1.11 4.9 1.045 

Dimethyl sulfoxide 

 

78.13 -1.35 35 1.100 

2,2-Dimethoxy-2-

phenylacetophenone 

 
 

256.30 3 36 - 

 

3.3 Results and Discussion 

3.3.1 Screening Method Development  

To begin optimization of polymer film formulas, an initial screening method was 

developed working from the end of the extraction process (desorption solvent selection) 
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to the beginning, analyzing plasma spiked with a mixture of the 4 TKIs for relative 

recovery. Since near-quantitative desorption is required for a reliable development 

protocol, various desorption solvent systems based on ACN and desorption times were 

evaluated for efficiency of analyte recovery (Figure 3.2) using NIP Formulation 116 

(F116), which is comprised of DMPA (16 mg), EGDMA (944 µL), MEMA (191 µL) and 

DMSO (1000 µL). No advantage was found for the use of acid, base, or water, so neat 

ACN was used for further work. Upon comparison of desorption time (Figure 3.3), 

15 min provided consistent desorption recovery with low variability between samples; 

less than 15 min led to higher error and 30 min provided no improvement in analyte 

recovery (Figure 3.3). 
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Figure 3.2. Comparison of relative recovery of F116 mixed extraction of imatinib and 

nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) and ponatinib (200 ng mL-1) in 

plasma with different desorption solvents. Error bars are the sum of the standard 

deviations (n=3). FA: formic acid; TEA: triethylamine. 
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Figure 3.3. Comparison of desorption time of F116 mixed extraction of imatinib and 

nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) and ponatinib (200 ng mL-1) in 

plasma using acetonitrile as the desorption solvent. Data is relative to the 2-min 

desorption time. Error bars are sum of SDs for all drugs (n=3). 

 

One consideration in deciding on a plate is determining the non-specific binding 

of both interferents and the desired analytes onto the walls of the plate as previously 

described [145]. To investigate this, we conducted a contact study using the Corning 9017 

plates and spiked mixed TKIs in plasma. We found no significant nonspecific adsorption 

to both pipette tips and the wells of the plate (Figure 3.4). The effect of nonspecific 

adsorption was minimal, with less than 5% deviation from the starting concentration with 
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no detectable adsorptive loss. The slight increase in measured concentration is likely due 

to evaporation during the experiment, considering the high number of liquid handling 

steps in the experiment (moving spiked plasma into 10 subsequent wells, using 10 fresh 

pipette tips), which represented an extreme amount of contact to new plastic than what is 

required in this work. 

 

Figure 3.4. Contact adsorption study of mixed extraction of imatinib and nilotinib (5000 

ng mL-1 each), dasatinib (100 ng mL-1) and ponatinib (200 ng mL-1) in plasma, tested 

using Corning 9017 plates. Comparing adsorption to wells of plate and pipette tips used 

in study. Error bars are sum SD for all four analytes (n=3). Data labels are percent 

deviation from assay of original solution.  
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Considering all TKIs studied in this work are basic (positively charged at low pH), 

we expect that a high pH would be favourable for extraction of the neutral form of the 

analytes onto our surface. We tested an acidic, neutral, and basic pH for extraction yield 

of the four TKIs using NIP F116 (Figure 3.5). As expected, the non-imprinted formula 

yielded a marked increase in recovery with adjustment of plasma pH with an alkaline 

buffer as compared to a neutral pH 7.0 buffer. All further adsorption/desorption 

experiments were carried out using samples adjusted to pH 10.9, with desorption by 

ACN.  

 

Figure 3.5. Comparison of extraction pH of F116 extraction mixed extraction of imatinib 

and nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) and ponatinib (200 ng mL-1) in 

plasma with acetonitrile. Desorption was completed in 15 min with ACN. Error bars are 

sum of SDs for all drugs (n=3). 
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3.3.2 Formula Development  

A total of 335 formulas were designed (Figure 3.6) based on a broad range of 

chemistries and physical properties of the regents and resulting polymers. Through initial 

screening, we were able to narrow down the candidates for each component based on 

analyte recovery, general solubility, and physical stability (i.e., films remained in the 96-

well plate or degraded in storage). Photographs of films at various stages of formula 

development can be found in Figure 3.7. 

 

Figure 3.6. Overview of formula development.  
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Figure 3.7. Photographs of prepared films at various stages of formula development. 

A) Comparison of crosslinking agent corresponding to data presented in Figure 3.10. 

B) Comparison of DMSO/OctOH ratio on film stability corresponding to data presented 

in Figure 3.12. C) Comparison of DMSO volume on film stability corresponding to data 

presented in Figure 3.13. D) Final MIP and NIP films used throughout the work; the final 

formula can be found in Table 3.4. All films in this figure are presented in triplicate.  
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3.3.3 Template Study  

 Five templates were selected as candidates in this study. We considered structure 

and positioning of the chemical moieties shared by the TKIs and found molecules that 

closely resembled those structures. As we know that the TKIs involved in our study act 

through a mechanism of binding and blocking ATP from docking on the kinases, we 

included adenine as a template as there is potential that an imprinted cavity 

complementary for adenine would be a good fit for the drugs of interest. Through 

preliminary screening, we reduced the candidates down to two: adenine and  

3-acetylpyridine. All other tested templates produced MIPs that performed poorly 

compared to NIP and particularly poor solubility of 2-(2-methyl-5-nitrophenylamino)-4-

(3-pyridyl) pyrimidine in ACN, DMF, DMSO and 1-octanol prohibited testing as a 

candidate for the template. We compared extraction using both 3-acetylpyridine and 

adenine templated MIPs along with their NIPs (Figure 3.8): F190 is a NIP comprised of 

DMPA (16 mg, 0.06 mmol), EGDMA (378 µL, 397 mg, 2 mmol), N-MEMA (191 µL, 

199.25 mg, 1 mmol) and DMSO (1000 µL); F212 is the adenine MIP where 11 mg 

adenine hydrochloride is added to F190; F271 is a NIP comprised of DMPA (16 mg, 

0.06 mmol), EGDMA (359 µL, 376 mg, 1.90 mmol), N-MEMA (106 µL,111 mg, 

0.55 mmol) and DMSO (400 µL); F270 is the 3-acetylpyridine MIP based on F271, with 

the addition of 135 µL (149 mg) 3-acetylpyridine.  
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Figure 3.8. Comparison of adenine and 3-acetylpyridine molecularly imprinted polymers 

to their non-imprinted counterparts (shown in corresponding colors). A 30 min mixed 

extraction of imatinib and nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) and 

ponatinib (200 ng mL-1) in plasma with a 15 min desorption in acetonitrile. Results are 

the sum of peak areas for all four TKIs. Data labels are imprinting factor as compared to 

F190. Error bars are SD (n=3).  
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potential for interactions with the template and target analytes, performance in these 

polymer systems is a complex interplay of monomer-template interactions that are 

influenced by the porogen and crosslinkers, and as such requires testing. Initial screening 

under standard conditions provided two candidate functional monomers: MAA and N-

MEMA. As a secondary screen, we would compare formulas containing mixtures of the 

two monomers from 0-100% of each, in 9 increments (Figure 3.9). 

 

Figure 3.9. Effect of addition of MAA to N-MEMA on relative recovery of extraction of 

imatinib and nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) and ponatinib 

(200 ng mL-1) from plasma: 30 min mixed extract with a 15 min desorption in 

acetonitrile. Results are the sum of peak areas for all four TKIs. Data is normalized to 

50% N-MEMA. Films were cast with 1000 µL DMSO as porogen. Error bars are SD 

(n=3).  
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We determined that no significant beneficial effect was coming from adding 

MAA to the mixture, and thus decided to continue with N-MEMA as the sole functional 

monomer. It should be noted that the increase in recovery of compounds seen with 

increasing N-MEMA percentage of monomer was quite dramatic, with 20% N-MEMA 

yielding a much higher recovery than 0-10% N-MEMA (Figure 3.9), and it was by-far the 

best functional monomer in terms of recovery of compounds. As can be observed from 

Figure 3.9. The formula prepared using only MAA as monomer was only about 20% the 

signal of N-MEMA, with recovery from all other monomers tested much below this. The 

porogen was 1000 µL DMSO in all ratios.  

3.3.5 Crosslinker Study  

 Three candidate crosslinking agents were tested: EGDMA, PETA, and 

divinylbenzene (DVB). Using the same base formula of DMPA (16 mg), DMSO 

(1000 µL), N-MEMA (96 µL, 0.5 mmol) and MAA (42 µL,0.5 mmol), we prepared three 

unique formulas: F176-EGDMA (944 µL, 5 mmol), F184-PETA (1286 µL, 5 mmol) and 

F185-DVB (712 µL, 5 mmol). As can be interpreted from the data, EGDMA was the best 

crosslinking agent for these devices (Figure 3.10), possessing the highest relative 

recovery and lowest relative variation of the three crosslinking agents tested. The reduced 

recovery of PETA and the large error between devices is indicative of a poor device with 

mechanical instability with polymers flaking and peeling off the substrates after template 

removal (Figure 3.7A). Wettability is an important consideration in designing an effective 

extraction device for biological matrices. Wettability relates the ability for a liquid to 

interact with a solid surface, normally measured through contact angle [146]. The low 
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recoveries for devices prepared with DVB could be attributed to both the nonpolar 

characteristics of this cross-linker, which yields a film with low wettability which is 

unfavourable for mass transport of analytes from aqueous matrices and the differences in 

polymerization kinetics, where self-polymerization of the DVB is much more favorable 

than inclusion of the functional monomer. The impact of a nonpolar crosslinker was 

observed in the formation of highly rounded droplets with a relatively high surface 

contact angle with the film, as opposed to EGDMA crosslinked films, which was readily 

saturated with plasma. 

 

Figure 3.10. Comparison of relative recovery of a 30 min mixed extraction of imatinib 

and nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) and ponatinib (200 ng mL-1) in 

plasma with a 15 min desorption in acetonitrile. Results are the sum of peak areas for all 

four TKIs. Error bars are the sum of SD of 4 TKIs (n=3).  
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In addition to the nature of the crosslinker, the relative loading is also important as 

it determines the stability of the polymer as well as influencing chemical and physical 

properties of the material including wettability (polarity) and porosity. A 

monomer:crosslinker ratio of 1:1 yields high relative recovery with the lowest variability 

between devices (Figure 3.11), however the 1:2 ratio yielded films that were more 

mechanically stable and thus 1:2 was used in subsequent devices. The instability observed 

from the 1:1 ratio is likely due to the high component:porogen ratio that affects the phase 

separation process, particularly as the solvent qualities of the porogen differ for MAA and 

N-MEMA as functional monomers. A ratio of 1:8 also yielded similar recoveries, 

however the films contracted and flaked from the substrate. Upon further optimization, it 

was possible to lower the variability in the final formula selection (Table 3.3).  
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Figure 3.11. Relationship between ratio of 2-N-morpholinoethyl methacrylate: EGDMA 

non-imprinted polymers, relative peak area of a 30 min mixed extraction of imatinib and 

nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) and ponatinib (200 ng mL-1) in 

plasma with a 15 min desorption in acetonitrile. Results are the sum of peak areas for all 

four TKIs Error bars are SD (n=3).  
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mixtures of DMSO and 1-octanol were evaluated for adsorption efficiency for mixtures of 

TKIs (Figure 3.12).  

 

Figure 3.12. Relationship between porogen composition and relative recovery of a 30 min 

mixed extraction of imatinib and nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) 

and ponatinib (200 ng mL-1) in plasma with a 15 min desorption in acetonitrile. Error bars 

are sum of SD (n=3).  
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the polymer, in contrast to the respective NIP thin film. The MIP possesses a porous, 

wettable, opaque white phase whereas the NIP thin films are glassy and semi-translucent, 

generally indicative of low porosity, possibly due to a higher degree of crosslinking due 

to incorporation of less functional monomer into the final polymer (Figure 3.7D). This 

notion is further supported by the instability of the films made with 1:1 

monomer: crosslinker ratio, which may cause phase separation behaviour to change due 

to saturation of the porogenic solvent, causing very short polymers to precipitate thereby 

inhibiting a high degree of crosslinking. A combination of factors, such as a highly polar 

template, the polar, aprotic nature of DMSO (in contrast to 1-octanol which is protic), and 

a polymer components solution near saturation, promote and stabilize interactions 

between the template and monomer through hydrogen bonding. Pure DMSO was selected 

as the porogenic solvent in this work.  

 Previous work has shown that the v/v ratio of porogenic solvent to polymerizable 

components has a significant effect on porosity of organic polymer films [110]. The 

influence of porogen volume for DMSO relative to the polymerization components was 

evaluated based on a fixed loading of polymer components {1 mmol scale (F176) with 

varied volumes of DMSO} (Figure 3.13). The best result obtained was for the 1200 µL 

film, however this film lacked mechanical stability and cracked upon drying. In contrast, 

at 800 and 900 µL DMSO components of the polymer component solution exceeded 

solubility and precipitated upon standing. Thus, we selected the ratio corresponding to 

1100 µL for its favourable variability relative to 1000 µL and higher mechanical stability 

than the 1200 µL film.  
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Figure 3.13. Relationship between porogen volume based on F176 on a 30 min mixed 

extraction of imatinib and nilotinib (5000 ng mL-1 each), dasatinib (100 ng mL-1) and 

ponatinib (200 ng mL-1) in plasma with a 15 min desorption in ACN. Results are the sum 

of peak areas for all four TKIs. Error bars are sum of SD (n=3).  
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wavelengths (254 nm for DMPA and 365 nm for HEMPA). Figure 3.14 shows that 

DMPA provided much better analytical performance in recovery and inter-device 

variability than HEMPA (RSD = 30% HEMPA, 10% DMPA) and physical 

characteristics. In addition, a positive imprinting effect was detected when DMPA was 

used, whereas the adsorption was not statistically different from the respective NIP using 

HEMPA.  

 

Figure 3.14. Relative response for MIPs and NIPs produced using two different 

photointiatiors. 30 min mixed extraction of imatinib and nilotinib (5000 ng mL-1 each), 

dasatinib (100 ng mL-1) and ponatinib (200 ng mL-1) in plasma with a 15 min desorption 

in acetonitrile. Results are the sum of peak areas for all four TKIs. Formula is based on 

F190, with 16 mg of either DMPA or HEMPA, MIPs are supplemented with 1 mmol (11 

mg) adenine hydrochloride. Data labels are imprinting factor as compared to the DMPA 

NIP. Error bars are the sum of SD of 4 TKIs (n=3).  
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3.3.8 Final Formula Evaluation 

 Rigorous and iterative testing of the 335 formulas yielded an optimal formula for 

casting molecularly imprinted polymers in a 96 well format. The final formula is 

presented in Table 3.4. This formula has been shown to be optimal in terms of all 

performance and stability parameters important in this work. 

 

Table 3.4. Composition of the optimal MIP thin film extraction device for the four TKIs: 

Ima, Pon, Nil, and Das.  

Component Compound Amount 

Porogen DMSO 1100 µL 

Photoinitiator DMPA 16 mg 

Functional monomer N-MEMA 191 µL (1 mmol) 

Cross-linker EGDMA 378 µL (2 mmol) 

Template Adenine  172 mg (1 mmol) 

 

3.3.9 Batch-to-Batch Repeatability 

 To demonstrate repeatability of the film fabrication using this formula ten batches 

of formula were prepared and used to cast films (n=10, for each batch of formula) and 

used for extraction from a mixture of TKIs. In Figure 3.15, the average of the summed 

peak areas from each batch of ten devices is presented with the batch variability (data 

label). Added to this chart are the upper and lower control limits corresponding to ±3s 

(n=10, for the averaged batch responses). The between separate batches is within the 
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control limit and less than 5% RSD for all but one batch (#9), which demonstrates that the 

films production is very reproducible and films from different batches can be used 

without depreciating the results.  

 

Figure 3.15. Control chart showing combined variability of 10 MIP formulas with four 

TKIs. Error bars are SD of triplicate extractions (n=10). Data labels are percent deviation 

from the mean (black dotted line). Red dashed lines represent ±3s for the upper control 

limit (UCL) and lower control limit (LCL). 
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of the tests yielded variability around or below 5% which is well within global regulatory 

guidelines for bioanalytical method validation [145,149–152]. This, in combination with 

the batch-to-batch variability shows the production of these films is a very consistent 

process with low variability, thus allowing for assays to be carried out across batches 

without eroding data quality.  

 

Figure 3.16. Inter-device variability of ten MIP devices, tested against four TKIs at their 

respective QC concentrations. Error bars are SD and data labels are RSD (n=10). 
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3.3.11 Extraction Method Development  

Although the initial extraction conditions for screening were useful for the 

formula optimization, extraction parameters such as extraction pH adjustment and 

desorption conditions were refined to ensure the best performance using the optimized 

formula.  

3.3.12 Optimization of the Desorption Solvent  

 Although ACN was used as the desorption solvent in preliminary studies, a range 

of solvent systems were studied and compared to pure ACN, using the final TF-MIP 

formula (Figure3.17A). As can be observed from the data, the highest desorption was 

achieved using 49% acetonitrile, 50% water, 1% NH4OH, however this desorption 

solvent system was incompatible with the analysis method as the mobile phase is 

supplemented with 0.1% formic acid. The addition of base interfered with 

chromatographic separation causing peak splitting that affected the quantified amount of 

Ima (Figure 3.18). By using a pure solvent without modification as the desorption solvent 

we allow the most flexibility and least interference for downstream analytical processes 

and that does not affect chromatographic separation of TKIs. 
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Figure 3.17. A) Screening of desorption solvents. Assessing either acid, base or neutral 

solvents (ACN or MeOH, and mixtures of these with water, with or without pH 

adjustment) would be optimal. Error bars are standard deviation (n=3) and data labels are 

relative peak areas as compared to pure ACN. B) Recovery of analytes after MIPs were 

washed with various wash solutions and number of washes. Error bars are standard 

deviation (n=3). C) Comparison of relative recovery of MIP extraction of TKIs in plasma, 

and with addition of various bases and buffers. 1× pH 10.9 buffer contains 6.75 g 

ammonium chloride in 100 mL ammonium hydroxide (28% in water). Percent recovery 

as compared to pH-unadjusted plasma is shown as data labels above the bars. Error bars 

are SD (n=3). 
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Figure 3.18. Comparing chromatographic peak splitting of imatinib when ammonium 

hydroxide is used in the desorption solution as compared to the single peak obtained 

when base is not used.  

 

3.3.13 Optimization of the Wash Conditions 

Washing of the thin films is required to reduce the background noise and remove 

weakly bound compounds. A number of washes were tested, adjusting the pH of the wash 

solutions, to determine what conditions were optimal for our analytes to reduce premature 

elution and thus a reduction in sensitivity (Figure 3.17B).  
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in basic conditions such as 10 mM NaOH elevated the RSD of analyte recovery, likely 

from bleeding of the compounds from the film. This would be explained by the expected 

pH of 10 mM NaOH being 12.0, and at this pH, as analyte pKa values are less than 12, a 

proportion of the analytes will become charged and thus will likely partition into the 

aqueous phase. To keep the process simple, we opted for two washes using pH-

unadjusted ultrapure water for maximum recovery while minimizing RSD.  

 The pH of the sample during extraction can have a significant impact on the 

amount extracted. This is mainly due to the physical properties of the analyte, namely the 

pKa. As TKIs are naturally basic, we can predict that increasing the plasma pH will 

afford increased recovery since the TKIs would largely exist in their neutral form, 

therefore more analyte will be extracted by the thin film. We compared unadjusted 

plasma to plasma supplemented with various bases (Figure 3.17C). We observed a 

reduction in recovery when the pH 10.9 ammonia-based buffer, piperidine, or 

triethylamine are used to alter the pH. We also observed slight increases of recovery 

when using ammonium hydroxide, imidazole, or diethylene triamine is added to the 

sample. In addition, these incremental increases in recovery were associated with 

relatively higher RSD for each condition, and thus we opted to conduct extractions using 

pH-unadjusted plasma. 

3.3.14 Extraction Time Profile  

Extraction time profiles (Figure 3.19) were prepared to determine the optimum 

extraction time using MIP and contrasted with data for the NIPs to demonstrate the effect 

of extraction time on the imprinting factors for extraction from both mixed and individual 



 

 

92 

TKIs solutions at varying concentrations (consistent with appropriate clinical ranges). 

The MIPs demonstrated significant imprinting ponatinib compared to the NIPs 

(Figure 3.19), IF values near 2 at 20 min at all three concentration intervals, with a slight 

reduction of imprinting from 30 to 90 min. The rapid rise in imprinting factor in the early 

timepoints would suggest that the molecularly imprinted polymer has a higher binding 

affinity for Pon than the non-imprinted polymer. The percent recovery lies around 20% 

for all concentrations tested, comparable to and higher than some previously reported 

SPE and LLE methods [139]; as this is an equilibrium based extraction, 100% recovery is 

unlikely. The IF for Nil demonstrates less desirable results, with imprinting factors 

slightly below 1 to the NIP (Figure 3.19). Nil possesses the highest logP (5.36) of the 

TKIs in this study and the consequence of a high logP is low bioavailability in humans 

(between 17-44%) [153]. The concept of bioavailability in a biological system can 

provide insight into behaviours of analytes during extraction. In this case, it is likely that 

Nil is highly protein and lipid bound in the plasma and thus a limited amount of analyte is 

in a free form in the plasma that is capable of binding to the extraction devices. In 

contrast to Pon, Nil is used at relatively high clinical doses and thus a slight reduction in 

recovery does not affect the clinical range of this method significantly. It is also important 

to note that the recovery of Nil at the end of the time profile is over 35% and thus this 

recovery, along with the high dose, means a very high peak area, that is well above the 

detection limits of the method. Ima demonstrates similar trends to Pon with an initial rise 

in IF to ~1.3 as compared to the non-imprinted polymer (Figure 3.19). However, by the 

end of the time course the IF reduces to about 1.2 by the end of the time course, which 
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corresponds to a continued increase in the NIP recovery. This suggests that the MIP 

equilibrates sooner than the NIP, which is desirable despite the lack of substantial 

imprinting. Das shows a slight reduction in recovery in the final MIP (IF 0.86 at 30 min) 

and displays a percent recovery around 22% at the same timepoint (Figure 3.19). The 

extracted concentration is within the linear range of the analytical method presented and 

correlates with the therapeutic range in human plasma, meaning results obtained with this 

recovery are suitable for clinical decision-making and patient monitoring [139]. 
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Figure 3.19. TKI Extraction time profiles. MIP data labels are percent recovery and IF, 

and NIP data labels are percent recovery. Low, mid, and high represent analyte QC 

concentrations which are 400, 800, and 1600 ng mL-1 for Ima and Nil, and 20, 40, and 

80 ng mL-1 for Das and Pon. Error bars are SD (n=3). 
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From the prepared extraction time profiles, an extraction time of 30 min was 

selected to balance recovery and imprinting, while maintaining method throughput and 

practicality. It was important to minimize the method time while maximizing sensitivity 

and reliability of the data. Most of the percent change of recovery occurs in the first 

30 min, and only incremental improvements in recoveries are gained over the 30-90 min 

interval. In addition, with longer extraction times, specificity of the MIPs goes down, 

affecting the ratio of desired analytes to interfering substances.  

3.3.15 Extraction Calibration Curves  

 Using the 30 min extractions established in section 3.3.4, we constructed 

extraction calibration curves of the TKIs to ensure the relationship between concentration 

and signal response is linear. In the first study, we carried out mixed extraction of the 

four TKIs at several concentration intervals to compare both MIP and NIP films 

(Figure 3.20). We see linearity across all concentrations for all the analytes with R2 values 

greater than 0.99. The blue range on the graphs represent the therapeutic plasma 

concentration ranges expected for each drug. All drug extraction calibration curves are 

linear both within and outside of normal clinical ranges.  
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Figure 3.20. Extraction calibration curves comparing MIP and NIP extractions with 

mixed TKIs at several concentration intervals. A: ponatinib; B: imatinib; C: dasatinib; 

D: nilotinib. The enclosed, superimposed graphs represent the low concentration range to 

demonstrate linearity across the entire range. Error bars are SD (n=3). Blue background 

indicates therapeutic range expected in plasma.  

 

 To determine if TKIs were competing on the films for binding sites, or if the films 

were becoming saturated considering the high drug load we were subjecting them to, we 

carried out an experiment to compare extraction calibration curves of both mixed and 

individual TKIs (Figure 3.21). We observed no significant difference between mixed and 

individual extractions, thus meaning this developed device could be used for any 

combination of the TKIs presented without effect on the results.  
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Figure 3.21. Extraction calibration curves comparing mixed and individual extractions of 

TKIs at several concentration intervals. A: Pon; B: Ima; C: Das; D: Nil. The enclosed, 

superimposed graphs represent the low concentration range to demonstrate linearity 

across the entire range. Error bars are SD (n=3). Blue background indicates therapeutic 

range expected in plasma.  

 

3.3.16 Biological Validation: Endogenous Interferences 

 The effect of endogenous interference on the response of the method was studied 

using the endogenous interferents kit INT-01 from Sun Diagnostics (Figure 3.22). This kit 

contains the following human concentrated interferents: conjugated and unconjugated 

bilirubin, protein, hemolysate, and triglyceride-rich lipoproteins (TRL). These five 

interferents represent the most observed interference in the clinical diagnostic laboratory 

and represent various pathologies of plasma. To fully understand the reductions in 
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response related to the addition of interferents, an initial screen was conducted testing the 

highest concentration of interferent and unspiked plasma as a control. The highest 

concentration of each interferent is at an extremely high pathological range, indicative of 

serious ill-health, and are not expected in the average patient taking a TKI treatment, but 

rather used to stress the method. Interferents that caused a significant change in percent 

recovery, protein, hemolysate, and TRL, were then further investigated at various 

concentrations. Establishing acceptable levels of interferents is essential to clinical 

applications to ensure reliability of results. Current LC-MS methods have not reported the 

effects of endogenous interferents on method reliability. 
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Figure 3.22. Heatmap illustrating percent deviation of recovery of TKIs from human 

plasma, at three therapeutically relevant levels, with spiked interferents at various 

concentrations. Percent deviation represents deviation from the recovery of TKIs from 

non-pathological pooled human plasma. Grey squares represent levels and concentrations 

that were not tested.  

 

 No significant differences (difference due to interferent <15%) were observed 

between billirubins (both conjugated and unconjugated) and recovery of any of the drugs 

at all levels. The final spiked concentration of billiruins in this experiment was   
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20 mg dL-1 representing severe pathological conditions such as hyperbilirubinemia caused 

by several genetic, metabolic and physiological factors [154].  

 Protein (a mixture of human serum albumin and g-globulins) was studied at  

12 g dL-1 (Figure 3.22), a concentration that is abnormal and would represent viral 

infection, some cancers, and severe dehydration, among other pathologies [145].  

 No significant effect in recovery was observed after increasing plasma protein for 

Nil and Pon, whereas Ima and Das suffered significant reductions. Specifically, Das at 

20 ng mL-1 was significantly affected by any added protein over about 2 g dL-1. At 

40 ng mL-1 Das, the reduction in response was non-significant. At 80 ng mL-1 Das, there 

is only a significant reduction at an extreme 12 g dL-1 added protein. Ima displayed 

similar results to Das at the lowest concentration tested, 400 ng mL-1, where response was 

significantly affected by any added protein over about 2 g dL-1. At both Ima 800 and 

1600 ng mL-1, protein supplementation to a maximum of about 4 g dL-1 is tolerated, but 

any higher significantly reduced the response for Ima. 

 Hemolysate, a product of hemolysis of red blood cells, was studied at 500 mg dL-1 

(Figure 3.22), an abnormal concentration that represents improperly collected, processed, 

or stored blood samples. No significant effect on recovery of Ima, Nil, and Pon was 

observed. Das showed reduced recovery, requiring further investigation through addition 

of hemolysate from 0-500 mg dL-1 in 125 mg dL-1 increments at three concentration 

levels of Das. At the low concentration of Das (20 ng mL-1) only hemolysate less than 

250 mg dL-1 was tolerated, although 125 mg dL-1 is likely a more conservative cut-off. At 

the mid concentration of Das (40 ng mL-1), all concentrations of hemolysate seem to be 
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tolerated. At a high concentration of Das (80 ng mL-1), hemolysate levels between 250 

and 375 mg dL-1 are moderately tolerated. 

 Triglyceride-rich lipoproteins were studied at 3 g dL-1 (Figure3.22), an abnormal 

concentration representative of an extremely fatty diet immediately prior to blood 

collection and/or metabolic disorders [37]. A significant decrease in recovery for all four 

TKIs was observed. This is unsurprising as the compounds all have pKa values greater 

than 1.8, thus nonspecific interaction with insoluble lipid is expected where the target 

analytes will partition into lipidic phases. The effect of adding TRL was further studied at 

three concentration levels for all four TKIs. Though the addition of about 1000 mg dL-1 

TRL did not affect recovery of Das and Nil (Figure 3.22), most TRL concentrations 

caused undesired and unacceptable reduction in analyte response. Across drug 

concentrations, we observed a consistent reduction in response proportional to the amount 

of TRL in the sample. Although this result initially seems negative, the Adult Reference 

Intervals for TRL in plasma are: normal (<150 mg dL-1), high (150-199 mg dL-1), 

hypertriglyceridemic (200-499 mg dL-1), and very high (>499 mg dL-1) [145,155]. All 

levels of TRL tested in this experiment are in the very high range and are unlikely to be 

encountered routinely. Focusing on the results of TRL 750 mg dL-1, all TKI conditions 

have less than 15% deviation except Ima 800 ng mL-1 and 1600 ng mL-1, and Pon 

20 ng mL-1. 

 There were no negative chromatographic effects observed in the samples, even in 

the most severely affected samples such as the high level of TRL, suggesting that matrix 

interferences affect the extraction behaviour of the devices. We hypothesize that our 
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devices assisted in removing endogenous interferents from the sample to be injected into 

the LC-MS. This is supported by the visual appearance of the washed films after 

extraction, the desorption solutions prior to injection, as compared to the plasma with 

highest interferent levels (Figure 3.23). 

 

Figure 3.23. Photographs comparing extraction of plasma containing endogenous 

interferents, washed TF-MIPs, and the resulting desorption solutions. Treatment of 

endogenous interferents was at highest tested levels. 

 

 Establishing the effects of endogenous interferents is important to clinical decision 

making in therapeutic drug monitoring. To the best of our knowledge an endogenous 

interferents study this comprehensive has not been done for TKIs, likely because this is 
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not a current requirement for US based studies as in Clinical Association of Pathologists 

guidance documents AGC 24130 and GEN 42030. 

 

3.3.17 Method Validation  

3.3.18 Analytical Performance of Thin Film MIPs For Determination of TKIs in Plasma 

 The quantitative transition was used to quantify each TKI. External calibration 

curves were prepared using a mixed standard to determine the instrumental linear range 

for each compound (Figure 3.24). A linear relationship was obtained for Das (0.1-

100 ng mL-1), Nil (1-1000 ng mL-1), and Pon (0.1-100 ng mL-1), while a quadratic fit was 

required for Ima (1-2500 ng mL-1). 
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Figure 3.24. External calibration curves of TKIs. A) Das; B) Ima; C) Nil; D) Pon. Error 

bars are SD of three sets of calibration curves (n=9).  

 

3.3.19 Figures of Merit of Analytical Method 

 The figures of merit for the method can be found in Table 3.5. All values are 

within acceptable range. The method linear ranges are well within the therapeutic 

amounts of TKIs observed in patients and are consistent with other reports of LC-MS/MS 

methods [139]. The limits of detection of this method are at the low clinically relevant 

range and thus this method would be suitable for application in clinical use and 

therapeutic drug monitoring. 
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Table 3.5: Analytical figures of merit for thin film MIP devices for the analysis of TKIs 

in human plasma. * indicates quadratic calibration 

 Das Ima Nil Pon 

Instrumental 

linear range (ng 

mL-1) 

0.1-100 ng mL-1 1-2500 ng mL-1 * 1-1000 ng mL-1 0.1-100 ng mL-1 

Percent recovery 

(%) at mid-

therapeutic 

concentration 

24% 12% 29% 20% 

Method linear 

range  

(ng mL-1) 

1-400 ng mL-1 8-20,800 ng mL-1 3.5-3500 ng mL-1 0.5-500 ng mL-1 

Instrumental limit 

of detection 

(LOD) 

0.3 ng mL-1 0.7 ng mL-1 0.3 ng mL-1 0.1 ng mL-1 

Method limit of 

detection (LOD) 

1.25 ng mL-1 5.8 ng mL-1 1.0 ng mL-1 0.5 ng mL-1 

Instrumental 

lower limit of 

quantification 

(LLOQ) 

1.0 ng mL-1 2.0 ng mL-1 1.0 ng mL-1 0.3 ng mL-1 

 

Method lower 

limit of 

quantification 

(LLOQ) 

4.2 ng mL-1 16.7 ng mL-1 3.5 ng mL-1 1.5 ng mL-1 
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3.4 Conclusion 

A successful method for measurement of Das, Ima, Nil and Pon from human 

plasma using TF-MIP extraction followed by UPLC-MS/MS is reported here. The films 

demonstrate a high level of reproducibility and robustness toward the analytes, being 

assisted by molecular imprinting. Molecular imprinting of the polymer significantly 

increased the extraction rate for Pon (IF 1.82) and Ima (IF 1.21), while a slight reduction 

in imprinting was observed for Das (IF 0.87) and Nil (IF 0.93). Percent recoveries ranged 

from 12-29%, consistent with other reported SPE and LLE methods for these analytes 

[139]. The method was optimized using pooled blank human plasma. Only 600 µL of 

plasma is required for triplicate measurement (3 × 200 µL) of any combination of the four 

TKIs, which is beneficial if the method is to be used for TDM as a minimal amount of 

blood would need to be drawn at each collection for the monitoring schedule. Analysis of 

an extraction time profile showed 30 min provides sufficient recovery to meet detection 

limits required for the therapeutic clinical range. These extraction devices can be made 

quickly and reliably, they are cost-effective single-use devices in a 96-well format 

allowing for high throughput and easy integration of automation into the process. A total 

of 335 formulas were tested and all extraction parameters were thoroughly optimized to 

yield an inter-device and batch-to-batch variability less than 5%, demonstrating the 

reliability of production of these devices for single use. The full method, including 

sample preparation and UPLC-MS/MS analysis, can be completed in 13 min per sample 

(triplicate extraction and measurement), if an entire 96 well plate is to be analyzed. 
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The method detection limits meet low clinical ranges, and the linear range of the 

method encloses the therapeutic range of each drug. The intra- and inter-day variability is 

suitable for consistent multi-day use with RSDs below 15% in all cases. The films 

performed well in plasma, a complex biological matrix, even when plasma was 

supplemented with endogenous interferences such as protein, bilirubin, and hemolysate. 

To our knowledge, this is the most comprehensive investigation of the effect of 

endogenous interferents on TKI analysis methods. An excess of TRL was not well 

tolerated at extreme levels (>750 mg dL-1), however was tolerated at a clinically high 

reference interval for both Das and Nil. Extraction calibration curves comparing mixed 

and individual drugs spiked in plasma showed no significant differences, demonstrating 

the flexibility of these devices for measuring one or more of the TKIs from the same 

sample, using the same method thereby simplifying the workflow for laboratory staff.  

Although four representative TKIs were used for this study, they represent all three 

generations of TKIs, thus we expect that these devices could be used successfully for the 

majority of currently prescribed TKIs. 
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4 Purification of functional gene transfer agents (GTAs) using 

two-step preparative monolithic chromatography 

4.1 Introduction 

Gene transfer agents (GTAs) are tailed phage-like particles that facilitate gene 

transfer between cells, first observed in 1974 in the alphaproteobacterium Rhodobacter 

capsulatus [156–158]. Though GTAs are similar to phages in terms of morphology, a 

major difference is that GTAs do not actively propagate their own genome [159].	The	

GTA produced by R. capsulatus (RcGTA) packages DNA fragments approximately 4 kb 

in length [157,160] and is biased against packaging its own genome [161]. The 

approximately 15-kb RcGTA gene cluster is believed to have evolved from a prophage, 

which had integrated into the bacterial genome at some distant point in evolution [162]	

and its expression is now regulated by bacterial cellular pathways [163]. One hypothesis 

is that GTAs are beneficial by mediating horizontal gene transfer that may increase the 

involved cells’ fitness [161,164,165]. 

The induction of RcGTA gene expression is a bistable stochastic process, limiting 

the production of RcGTA to a subset of the population [166,167], and is stimulated by 

nutrient depletion. Phage-derived holins and endolysins cause lysis of RcGTA-producing 

cells to release the particles [166], a process which is initiated through quorum sensing 

when the culture is nearing or at stationary phase and that is also affected by phosphate 

concentration [168–172]. Similarly, the ability of R. capsulatus cells to act as RcGTA 
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recipients is highest at stationary phase, which can also be induced by nutrient depletion 

[168,173,174]. 

Traditional purification strategies for GTAs are like those used for phages, usually 

involving polyethylene glycol (PEG)/NaCl precipitation followed by gradient 

ultracentrifugation for several hours [157,160,164,175] or the use of immobilized metal 

affinity chromatography (IMAC) to purify His-tagged GTA particles [176]. The resulting 

GTA-containing fractions then need to be dialyzed to remove the reagents used, such as 

sucrose, rubidium, or imidazole. These purification strategies can lead to damage and 

inactivation of particles, are limited by scale, and are time consuming. Monolithic 

columns have been employed for phage purification at both laboratory and industrial 

scales [177,178]. These columns possess a number of positive chromatographic 

behaviours such as high capacity, reusability, and easy scalability. Convective interaction 

mediaâ (CIM) are methacrylate-based monoliths which are functionalized post-

polymerization and supplied in an array of chemistries for different phage purification 

strategies [4]. CIM columns have several practical advantages for phage purification. The 

columns utilize convective mass transport (CMT), which relies on the relatively large  

(1-2 µm) open pores in the monolith to allow samples to move rapidly through the 

column [5,18,19].The open nature of monoliths minimizes shear or turbulent forces acting 

on the particles, thus limiting the amount of degradation and inactivation  [19]. Due to the 

porosity of the CIM monoliths, the binding capacity is very high as compared to other 

similar chromatographic media. Low backpressure due to the large pores allows these 
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columns to be used at preparative and industrial scales with no loss of chromatographic 

performance and they are practically unaffected by increasing flow rates [1,20]. 

In this work, we present the first report of an ultracentrifuge-free bulk preparation 

of purified GTA particles that are intact and capable of DNA transfer to recipient cells. 

We employ a two-step process where the particles are first captured and concentrated 

using an OH-functionalized CIM monolith, then the GTA-rich fraction of particles is 

polished using a strong anion exchange (SAX) monolith. The use of the SAX phase 

allows a buffer exchange to reduce the concentration of phosphate and exchange the 

elution buffer for the GTAs to be suitable for use in subsequent gene transfer to cells. 

This method allows for rapid purification of the particles from culture to final elution in 

less than 2 h on a preparative scale and is an important advancement in purifying GTAs 

for further study, in addition to being a broadly useful method for purifying small phages. 

 

4.2 Materials and Methods 

4.2.1 Strains and Growth Conditions 

Cultures were grown under anaerobic, phototrophic conditions at 35 °C in 

complex Yeast Peptone Salts (YPS) medium [179], defined Rhodobacter Capsulatus V 

(RCV) medium [171,180], or variations of these media until remaining at stationary phase 

for several hours, as measured by culture turbidity. The R. capsulatus strains used in 

experiments are provided in Table 4.1. A growth curve was conducted on a closed system 

(25 mL) consisting of a Hungate tube (20 mL) in a water bath (35 °C) under tungsten 

illumination, a peristaltic pump, transfer tubing to flow cell (2 mL), and a quartz flow cell 
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(3 mL) with a pathlength of 10 mm. The spectrophotometer (UV-1600 PC, VWR, 

Ontario, Canada) monitored 600 nm at 60 s intervals. Lysis of cells indicating the release 

of RcGTA was tracked by measuring the absorbance of culture supernatant and fractions 

from purification from 700–900 nm, monitoring for peaks at 802 and 855 nm that 

correspond to released light-harvesting (LH2) complexes[166,181]. 

 

Table 4.1. List of R. capsulatus strains used in this study. 

Strain Relevant Properties Reference 

SB1003 Genome-sequenced strain, rifampicin 

resistant 

Strnad et al., 2010; Yen 

and Marrs 1976 

SBpGD280 Knockout of rcc00280 in SB1003 

background, GTA overproducing strain 

Ding et al., 2019 

DE442 GTA overproducing strain, rifampicin 

resistant 

Yen et al., 1979; Fogg et 

al., 2012 

DE442DclpX  Overproduces empty GTAs (no 

packaged DNA) without head spikes 

Westbye et al., 2018 

B10 Wild type strain, rifampicin sensitive Weaver et al., 1975 

4.2.2 Chromatographic Purification of GTAs 

Cultures (up to 250 mL) were pelleted by centrifugation at 20,000 × g for 

30 minutes. The supernatant was filtered through a 0.22-µm polyethersulfone (PES, 

Fisher Scientific, Ontario, Canada) membrane to remove any residual cells and large 

debris. Purifications were carried out on an HP 1050 HPLC system equipped with a 
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quaternary pump, 50 mL Superloop® (Cytiva, British Columbia, Canada) and 1050 

preparative UV detector. Columns were obtained from Sartorius BIA Separations 

(Ajdovscina, Slovenia). Chromatography was carried out according to Table 4.2. 

 

Table 4.2. Chromatographic parameters and instrument settings for GTA purification. 

Parameter Step 1 – particle capture Step 2 – particle polishing 

Column, bed volume, pore 
size CIMmultus OH, 1 mL, 2 µm CIMmultus QA, 1 mL, 2 µm 

Mobile phase A 20 mM Sodium phosphate buffer, 
pH 7 

20 mM Sodium phosphate buffer, 
pH 7 

Mobile phase B 1.5 M Sodium phosphate buffer, 
pH 7 500 mM Ammonium sulfate, pH 7 

Flow rate 5 mL/min 
5 mL/min (loading) 

3 mL/min (wash and elution) 

Run time (including 
loading) 20 minutes 21 minutes 

Gradient 

Load 10 minutes, wash 0%A to 14 
minutes, then to 20%A at 15 mins, 
hold 1 minute then to 100%A at 19 

mins 

Load 10 minutes, wash 100%A to 
14 minutes, then to 70%A at 20 

mins 

Injection volume/dilution 50 mL 1:1 diluted filtrate to a final 
conc of 1.5M phosphate 

≤50 mL 1:5 diluted fractions from 
step 1 in ultrapure water 

Fraction volume (mL) 4 3 

Detection wavelength 280 nm (for protein) 

GTA retention time window 
(min) 16.5-18.0 14.5-15.5 
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4.2.3 Nanoparticle Tracking Analysis 

 Fractions of crude or chromatographically purified GTA particles were serially 

diluted from 1:10 to 1:10,000 in 20 mM phosphate-buffered saline (pH 7.4). Particle 

analysis took place in a Malvern Panalytical Nanosight NS300 (Malvern, UK) equipped 

with a 488 nm excitation laser. The flow cell was maintained at 25 °C and particles were 

introduced with manual, intermittent pressure of a syringe. The flow cell was monitored 

visually for particle arrival, then flushed with 200 µL of the test solution before a first 

reading was obtained on static (not-flowing) solution. Slowly, the syringe was advanced 

100 µL more, and a second reading obtained. This was repeated for the third reading. 

After the three readings, the instrument automatically detected and measured each particle 

in the video files, and a size distribution was generated for each run. 

4.2.4 Gene Transfer Bioassays 

RcGTA-mediated gene transfer activity was measured as described, with 

quantification of the transfer of resistance to rifampicin[182]. HPLC-purified particles 

were assayed for gene transfer activity through incubation with the recipient strain R. 

capsulatus B10 (Rifs) followed by plating on RCV supplemented with rifampicin at 

65 µg mL-1. Dilutions of purified GTA from 100 to 10-2 were assayed and plated in 

duplicate. 

4.2.5 GTA DNA Extraction 

DNA was extracted from purified GTAs after both chromatographic steps. The 

final elution from the QA purification was concentrated in an Amicon Ultra-15 

ultrafiltration device with a nominal weight cut-off (MWCO) of 30 kDa. This concentrate 
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(50 µL) was treated with Proteinase K at 56 °C for 1 hour. Following incubation, DNA 

was purified using the MinElute Reaction Cleanup Kit (Qiagen, Ontario, Canada). DNA 

was eluted in 10 µL of elution buffer after a 2-minute incubation. DNA was quantified 

using a Qubit 2.0 fluorometer with the DNA High Sensitivity Kit (ThermoFisher 

Scientific, Ontario, Canada). 

4.2.6 Next-Generation Sequencing 

DE442 GTA DNA was subjected to next-generation sequencing using Oxford 

Nanopore technology. DNA repair and end preparation were completed in quarter 

reactions using reagents from the NEBNext library prep kit for Nanopore (NEB, Ontario, 

Canada) in addition to the Oxford Nanopore Ligation Sequencing Library Prep Kit (LSK-

109, Oxford Nanopore, UK). In brief, 70 ng GTA DNA (1 µL) was combined with 

control DNA, FFPE repair buffer and enzyme, UltraII End Prep buffer and enzyme mix, 

and water. The reaction was incubated at 20 °C for 5 minutes followed by 65 °C for 

5 minutes. The reaction mixture was cleaned up using AmPure XP beads (Beckman 

Coulter, Indiana, USA) at 1:1 and eluted in 16 µL water. DNA yield was quantified with 

a Qubit fluorometer. 

Adapter ligation was achieved using quarter reactions of the Oxford Nanopore 

Library Prep Kit LSK-109. In brief, 15 µL eluted DNA from the previous step was 

incubated with ligation buffer (6.25 µL), adapter mix (1.25 µL) and  T4 DNA Ligase 

(200,000 u mL-1; 2.5 µL, NEB). After incubation for 10 minutes at room temperature, the 

reaction mixture was cleaned up using AmPure beads at 0.4:1, and the final library was 

eluted in 7 µL Elution Buffer and quantified with a Qubit fluorometer. 
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The Flongle flow cell (FLG-001, Oxford Nanopore), used in a MINion Mk1c 

sequencer was flushed with 100 µL flush solution (117 µL Flush Buffer and 3 µL Flush 

Tether) before being loaded with the library solution. The library solution was mixed 

immediately before loading. The loading solution consisted of 6 µL of final library,10 µL 

of Loading Beads II and 15 µL of Sequencing Buffer II. 

4.2.7 SDS-PAGE and Western Blotting 

SDS-PAGE and Western blotting were used to detect the RcGTA major capsid 

protein (approximately 30 kDa) as previously reported [183]. 

 

4.3 Results 

 Due to the high biological variability of GTA production between strains and 

growth conditions, we first sought to compare GTA release by several strains. Strains 

were grown to stationary phase under photoheterotrophic anaerobic conditions in RCV 

medium and supernatants were evaluated for GTA abundance through western blot 

(Figure 4.1A). Three strains produced significant and comparable amounts of GTA: 

DE442, DE442DfliC, and SBpGD280. Low, but detectable, amounts of GTA were present 

in SB1003. Preliminary chromatographic purifications demonstrated that flagella were 

not detrimental to the purity of isolated GTAs, thus a fliC knockout was not required. All 

further work was conducted using DE442. 
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Figure 4.1. A) Western blot measuring RcGTA major capsid protein (approximately 30 

kDa). Supernatants of photoheterotrophic anaerobic cultures in RCV were harvested at 

stationary phase to compare GTA release. B) SDS-PAGE (12%) comparing GTA release 

by DE442 in various culture media. Media were compared by the intensity of the RcGTA 

major capsid protein band at approximately 30 kDa. C) Growth curve of DE442 grown 

under photoheterotrophic anaerobic conditions in RCVm+MOPS at 35 °C. 

 

The selection of culture media has previously been shown to affect GTA 

production, with increased phosphate concentration found to inhibit GTA release[171]. 

RCVm is a medium with reduced phosphate and YPSm has reduced magnesium and 

calcium. The addition of 3-(N-morpholino)propanesulfonic acid (MOPS) buffer makes up 

for the lack of buffering capacity in these modified media and results in a more stable pH 

during cell lysis[171]. DE442 was grown in six media to stationary phase and 
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supernatants were assayed for GTA release by SDS-PAGE (Figure 4.1B). Cultures grown 

in RCVm+MOPS and YPSm showed the most GTA protein in the supernatant, however 

the benefits of defined media, both for the growth of the organism and for 

chromatographic purification, led to our selection of RCVm+MOPS for further work. 

A representative, high-resolution growth curve was constructed (Figure 4.1C) to 

determine optimal culture harvest time. An optimal harvest time was after the onset of 

stationary phase and lysis, but before significant degradation of GTA particles could 

occur, which was determined to be between 48 and 52 hours after inoculation. 

The first chromatographic purification was completed by diluting culture filtrate 

with potassium phosphate to a final concentration of 1.5 M. This high salt environment 

promotes GTA interaction with the surface of the CIMmultus OH monolith. Culture 

media components and polar contaminants were unretained. GTA particles were then 

eluted using a descending gradient with a brief hold to improve chromatographic 

resolution between GTA and an earlier eluting contaminant peak, which is suspected to 

be membrane vesicles containing photosynthetic complexes (chromatophores) 

(Figure 4.2A). Fractions were collected from the purification and assayed for the GTA 

major capsid protein by SDS-PAGE (Figure 4.2B). It was observed that Fraction 4 

contained the highest amount of GTA based on intensity of the capsid protein band at 

approximately 30 kDa. No GTA remained on the column as indicated by the regeneration 

wash (NaOH wash lane) and a significant pre-concentration of GTA was obtained as 

indicated by comparison of the intensities of the GTA band in the starting material (SM) 

and Fraction 4. 
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Figure 4.2. CIMmultus OH purification of DE442 GTA from culture filtrate. A) 

Purification chromatogram monitoring 280 nm (primary y-axis). Number labels indicate 

position of collected fractions. Dashed line indicates decreasing potassium phosphate 

gradient (secondary y-axis). B) SDS-PAGE (12%) of collected fractions (number labels 

1-4 in A), a fraction collected from the regeneration wash (NaOH wash) and filtrate 

starting material (SM). 

 

 The fractions obtained were observed to be slightly green in colour, indicating the 

presence of photosynthetic pigments, likely contained within chromatophores. To 

quantify this contaminant, visible light absorbance spectra were collected from           

700-900 nm (Figure 4.3A). Wavelengths of particular interest are 802 and 855 nm, which 

correspond to the LH2 photosynthetic pigments[166,181]. Absorbance by Fraction 4 was 

greatly reduced compared to the starting material. Interestingly, the column flowthrough 

(Fraction 1) showed a reduction in absorbance compared to starting material, while 

Fraction 2 showed the highest absorbance of the samples tested. This indicated that the 
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chromatophores bind to the column and were in the contaminating peak preceding the 

GTA particles. 

 

Figure 4.3. CIMmultus OH purification of DE442 GTA from culture filtrate. A) Visible 

light spectra of filtrate starting material (SM) and fractions collected in Figure 2A. 

Vertical lines at 802 nm and 855 nm indicate LH2 absorption peaks, indicative of 

presence of chromatophores. B) Comparison of the concentration and size of measured 

particles in Fraction 4 through nanoparticle tracking analysis, n=3. C) Particle size 

distribution scatter of Fraction 4 through nanoparticle tracking analysis, n=3 as indicated 

in legend. 
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 To further investigate the purity of Fraction 4, nanoparticle tracking analysis was 

carried out (Figure 4.3B and C). GTA capsids have a diameter of 35 nm[164] and 

chromatophores vary in size but are generally larger than GTAs, with the majority of 

chromatophores between 40-160 nm [184]. The relative portion of GTA-sized particles in 

Fraction 4 was higher than that of the contaminating peaks, however a large range of 

particle sizes was observed. 

 Though many contaminants had been removed, a second purification step was 

completed using a CIMmultus QA monolith (Figure 4.4). Fraction 4 was diluted 1:5 in 

distilled water to reduce the ionic strength of the loading solution. In this purification, 

GTAs interact with the column stationary phase through their net surface charge and are 

eluted through disruption of interaction by increasing ionic strength (Figure 4.4A). 

Ammonium sulfate was used as the elution salt to allow biocompatibility with subsequent 

gene transfer activity of the particles. GTAs eluted as a sharp peak with a retention time 

of 14.5-15.5 min. Contaminating material eluted as small peaks before and after GTAs, 

however almost no absorbance was detected in the flowthrough during loading (0-

10 min). The purified GTA was assayed by SDS-PAGE (Figure 4.4B). The RcGTA major 

capsid protein is visible at approximately 30 kDa, as well as GTA-related bands 

comparable to previous SDS-PAGE and subsequent mass spectrometric analysis[164]. 

All bands present in the lane can be putatively attributed to the GTA structure such as the 

megatron (138 kDa), portal (43 kDa), tail fibre (38 kDa), distal tail (23 kDa), and adaptor 

(21 kDa) proteins[164].  
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Figure 4.4. CIMmultus QA purification of DE442 GTA from OH purification fraction 4. 

A) Purification chromatogram monitoring 280 nm (primary y-axis). The GTA fraction 

was collected as indicated. The dashed line indicates increasing ammonium sulfate 

gradient (secondary y-axis). B) SDS-PAGE (12%) of the collected GTA. 

 

A visible light spectrum of purified GTA (QA GTA) from this step was compared 

to the starting material (Culture Filtrate) and fraction 4 (OH purified) from the first 

purification step (Figure 4.5A). Absorbance at 802 and 855 nm was negligible in the final 

purified GTA, a significant reduction compared to the end material from the previous 

purification step. Nanoparticle tracking analysis was carried out on the purified GTA 

(Figure 4.5B and C). In the particle size distribution plot, a large single peak is observed 

at 35 nm diameter with negligible concentrations of other particle sizes. This is supported 

by the particle size scatter plot, showing a concentrated distribution of particles at the 

desired size of 35 nm. Some contaminating particles were detected but significantly fewer 

than after the previous purification stage (Figure 4.3C). In contrast to the first purification 
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that yielded particles up to 550 nm (Figure 4.3C), particle size was limited to less than 

175 nm. 
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Figure 4.5. CIMmultus QA purification of DE442 GTA from OH purification fraction 4. 

A) Visible light spectra of filtrate starting material (SM), OH purification fraction 4 (OH 

purified), and the collected GTA peak from QA purification (QA GTA). Vertical lines at 

802 nm and 855 nm indicate LH2 absorption peaks, indicative of presence of 

chromatophores. B) Comparing the concentration and size of measured particles in 

collected GTAs through nanoparticle tracking analysis, n=3. C) Particle size distribution 

scatter of collected GTAs through nanoparticle tracking analysis, n=3 as indicated in 

legend. 
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Obtaining functional particles was the ultimate goal of this study. To determine if 

the purified GTAs still exhibited gene transfer activity, a bioassay was conducted to 

quantify transfer of rifampicin resistance to the rifampicin-sensitive recipient strain, R. 

capsulatus B10 (Table 4.3). Rifampicin-resistant colonies were obtained following 

incubation of the purified GTAs with the rifampicin-sensitive strain (Table 4.3). The 

number of resistant colonies decreased with dilution and therefore minimal inhibitory 

effects of the final elution mixture were observed. The dilutions were achieved through 

addition of G-buffer, a well-established solution known to support gene transfer 

[174,182]. This validates that the purified GTAs were functional and that the elution 

chemistry of the second purification step is compatible with subsequent GTA activity. 

 

Table 3. Gene transfer bioassay using purified GTA. 

Dilution Average colony counta 

Negative control 0 

Undiluted 135 

10-1 35 

10-2 25 

a Averages were calculated from duplicate assays.  

 DNA was isolated from purified GTAs and evaluated for purity and size (Figure 

4.6). Agarose gel electrophoresis was conducted to compare the GTAs isolated from both 

DE442 and DE442Dclpx that does not package DNA (Figure 4.5A). As expected, there 

was no DNA observed from DE442Dclpx, and a large amount of approximately              

4-kb DNA was extracted from the DE442 GTAs. A library was prepared using DNA 
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extracted from DE442 GTA and loaded onto a Flongle flow cell (Figure 4.5B). The read 

distribution histogram shows a sharp peak with a base-called length of approximately 

4 kb, corresponding to the expected full-length DNA isolated from RcGTAs, with 

obtained 4 kb sequences aligning with the R. capsulatus SB1003 reference sequence 

(NCBI accession number CP001312.1). Reads observed at less than 4 kb in Figure 7 are 

likely due to fragmentation of the DNA during extraction and library preparation. 

Similarly, the small peak between 7-8 kb is an artifact of ligation-based library 

preparation where a small proportion of the DNA dimerizes, yielding chimeras. 

 

 

Figure 4.6. Analysis of DNA extracted from purified DE442 GTAs. A) Agarose gel (1%) 

of DNA extracted from purified GTAs from two strains of R. capsulatus. The DE442 

DNA band is at approximately 4 kb and the negative control DE442Dclpx lacks a DNA 

band. B) Oxford Nanopore MinION read distribution histogram of DE442 GTA DNA, 

comparing base-called length and read density. 
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4.4 Discussion 

Isolation of GTAs from R. capsulatus under photoheterotrophic anaerobic growth 

conditions is challenging using density gradient centrifugation methods because of the co-

purification of chromatophores, flagella, and cell debris. Although IMAC using His-

tagged particles has been previously reported as a method to purify GTAs, the 

purification is expensive and poorly scalable, and in the paper cited here, the resultant 

particles do not appear to have been tested for functionality[176]. One-step IMAC using 

nickel- nitrilotriacetic acid (Ni-NTA) agarose also has associated challenges such as non-

specific binding of undesired proteins to the column and the use of high imidazole 

concentrations that can interfere with stability of particles[185].  

The method developed here is valuable, robust, and yielded pure GTAs from 

bacterial cultures on a milligram scale with minimal contaminants in less than two hours. 

The use of two monolithic phases, with different chemistries, removes many interfering 

contaminants and allows a higher level of purity to be achieved. This process is not only 

useful for the purification of GTAs but can also be applied for difficult phage 

purifications with only slight modifications to the ionic strength gradients. In addition to 

culture-based investigations, it seems possible the process could be modified for isolation 

of trace level GTAs from environmental samples for GTA discovery. As demonstrated 

here, the isolated GTA DNA can be used in next generation sequencing applications, and 

therefore mixtures of GTAs contained in environmental samples could be co-purified and 

analyzed. 
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The two-step chromatographic approach delivers particles in a solution that is 

compatible with use for subsequent experiments. The process is gentle enough to yield 

GTA particles that are intact and able to transfer DNA to recipient cells, confirmed by 

gene transfer events that appear to have a linear relationship with the dilution of purified 

particles with negligible inhibitory effects from the elution mixture. Particles obtained 

from this process will allow for further study of the mechanism of function of GTAs in R. 

capsulatus and should be applicable to all species that produce GTAs, including those 

that have yet to be discovered. The method also has broader applicability for other small 

phages, particularly in applications such as therapeutics where a highly purified phage 

preparation is desired. 
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5 Direct Coupling of Extraction Devices to MS 

5.1 Introduction 

5.1.1 Coated Blade Spray Mass Spectrometry 

Coated blade spray mass spectrometry (CBS-MS) is an emerging area of focus in 

clinical chemistry due to several technical and performance benefits the approach offers, 

namely speed and ease of analyses in time sensitive situations with simplified equipment 

and processes as compared to LC-MS/MS workflows. In contrast to assays which use 

chromatographic front ends, the approach in CBS-MS is to couple extraction devices 

directly to a detection instrument (normally a MS), eliminating many sample preparation 

and separation steps.  The general scheme of CBS-MS workflows are highly similar 

[56,60,186,187] (Figure 5.1); samples (normally a biofluid) are either spotted onto a 

polymeric sorbent, or the extraction device is immersed into the biofluid. Following 

extraction, a rinsing step reduces background interferents. Finally, the device is placed in 

front of an MS inlet, where a desorption solvent is applied. A high voltage (HV) is 

applied either to the sorbent itself, in the case of conductive materials [187,188], or the 

solid support (commonly a stainless-steel blade) [57,61] to initiate ionization of analytes. 

With the inlet of the MS at ground relative to the potential applied to the blade, a Taylor 

cone is generated forming a spray of charged droplets at the tip of the device. As the total 

volume of desorption/ionization solvent is at the µL scale, desolvation process occurs 

readily at the inlet of the MS allowing for efficient ion generation. Direct coupling allows 

for introduction of the a high proportion of extracted mass (depending on the efficiency of 
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the desorption process) into the MS in a short burst of ions in a relatively small volume 

(compared to LC-MS), thus lowering detection limits [60].  

 

Figure 5.1. Scheme for CBS-MS experiments using plasma. Created using 

Biorender.com. 

  

CBS-MS has several advantages over traditional analyses using chromatographic 

separation including reduced cost of analysis, lower solvent consumption, time and 

consumable savings and culminate in higher throughput. The trade-off of these benefits 

can be less accurate quantitation, matrix interference and increased inter-patient and  

-device variability, as outlined in this chapter. The application of CBS-MS in a clinical 

setting is limited by several factors, namely the sensitivity and accuracy required for the 

test, the implications of erroneous test results and assay-specific interactions between 



 

 

130 

interferents and analytes. There are many applications where CBS-MS technologies 

would be highly suited, including screening (presence/absence) tests that require the use 

of MS, including drugs of abuse, performance-enhancing drugs, and toxicology screens. 

Some therapeutic drugs, when clinically justified for therapeutic drug monitoring, are also 

suited to CBS-MS workflows where rapid results are required, with minimal sample draw 

from the patient. The cases where CBS-MS would not be suitable as an alternate to LC-

MS based assays would include trace quantification of drugs, hormones and metabolites, 

cases where interferents significantly affect quantitation and situations where an error in 

quantification could lead to catastrophic clinical outcomes and/or detriment to the 

patient’s treatment regime.  

 The assays for which CBS-MS can be used need to be carefully evaluated for 

clinical risks and benefits in combination with experimentation that investigates if the 

responses are robust under varying conditions and if performance criteria for the test can 

be met. Traditional analyses generally require more complex instrumentation such as 

tandem MS that may only be present in larger testing centres that are normally associated 

with instrument backlog, potentially resulting in a delayed analysis. These questions need 

to be answered not only by the analytical chemist, but by a multidisciplinary healthcare 

team, who can better weigh the trade-offs between the figures of merit of the proposed 

assay and how it could affect the patient’s treatment. 

5.1.2 Handheld Mass Spectrometry 

Along with the development of CBS-MS extraction devices, handheld and 

miniature mass spectrometers are gaining popularity[189–191]. In the context of clinical 
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application and CBS-MS, the benefits of handheld MS includes decentralized, portable, 

inexpensive, and simple methods for measurement of compounds. The use of handheld 

MS may allow for bedside testing in critical care and emergency situations, which can 

also be implemented in remote and/or small communities to provide timely access to a 

broader range of tests. To fit these applications, miniaturized MS systems will need 

simplified interfaces along with software to allow non-experts in MS to conduct tests and 

obtain high quality data.  

In the past decade, a number of handheld MS devices have become commercially 

available [189,190], some of which are summarized in Table 5.1. Each developed device 

has some distinguishing features; however they all face similar challenges, including 

attaining and maintaining vacuum, sample introduction pressure spikes and limitations in 

dynamic range due to small physical size of mass analyzers[189,190].  
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Table 5.1. Selected portable trap-based MS instruments and their respective properties.  

System Name MX908 Mini 

12  

cheMSense 600 MMS 1000 

Reference [191,192] [189,193] [194] [195] 

Developer 908 Devices Purdue 

University 

Griffin Analytical 

technologies, Inc. 

1st Detect 

Weight (kg) 4 15 25 8 

Power (w) NR* 100 <1200  70 

Mass Analyzer Microscale ion 

trap 

Rectilinear ion 

trap 

Cylindrical ion 

trap 

Microscale ion 

trap 

MS/MS? Yes Yes Yes Yes 

Sample Introduction/ 

Ionization 

API, TD, Vapor, 

CD 

API, PS, ES MIMS, vapor and 

gas, EI 

MIMS, EI 

Mass Range 

(m/z) 

55-470 50-900 40-425 45-400 

* At least 3h continuous use using two, hot-swappable rechargeable batteries.  

Abbreviations: TD: thermal desorption; PS: paper spray; EI: electron impact; MIMS: membrane 

introduction mass spectrometry; CD: corona discharge; ES: electrospray; API: atmospheric pressure inlet 

 

One particularly successful innovation in miniature MS is the handheld M908 and 

its successor, the MX908 designed by 908 Devices[192]. These devices were 

manufactured with law enforcement, military, and homeland security applications in 

mind, and feature onboard software for measurement of chemical warfare agents, 

explosives, drugs, and industrial chemicals (including those used in clandestine drug 

manufacturing labs). The M908 and MX908 are handheld MS systems that rely on a 
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microscale trap for mass analysis. The original model, M908, was designed with a glow 

discharge ionization source, while the MX908 utilizes a corona discharge ionization 

source. In-source collision-induced dissociation (CID) is used to increase fragmentation 

through controlled acceleration of the analyte ions through the source-trap aperture. The 

creation of secondary fragments allows for an enhanced spectral complexity that helps 

offset the low resolution of the MS for compound identification. The benefit of the 

MX908 over other portable MS instruments is the emphasis on compound detection 

algorithms that aid in accurate identification (Figure 5.2).  

 

 

Figure 5.2. MX908 software interface with built in drug detection algorithms showing the 

spectral matching, heatmap of signal and relative scan intensity in thermal desorption 

mode.  
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As can be observed from Figure 5.2, the spectra obtained have wide peak widths, 

which hinders accurate mass determination. Multiple fragments and their relative signal 

intensities are used to confirm the identity of the analyte, such as in the example 

presented for cocaine where the molecular ion is present at m/z 303 and a prominent 

fragment ion at m/z 182. The spectra are matched against a reference library, with 

consideration for peak patterning and relative intensities, which functions similar to 

conventional EI libraries, such as those published by NIST. These intelligent software 

algorithms are able to identify several structural variants through spectral differentiation. 

Exemplifying this point is the ability for the MX908 to differentiate over 2000 analogues 

of fentanyl [196], a potent and highly lethal synthetic opioid that has become increasingly 

present in the illicit drug markets[197]. Variants of fentanyl such as carfentanyl, which is 

100 times more potent than fentanyl can cause death at µg scale doses [198]. In this 

chapter, direct coupling of monolithic thin film microextraction devices to both benchtop 

and handheld mass spectrometers are presented. A custom coated-blade spray source was 

developed for the Xevo TQ-S where data is presented for measurement of mycophenolic 

acid, cocaine, MDMA, methamphetamine, methadone and methadone-d3 in human 

biological fluids. A second custom source was designed and used to semi-quantitatively 

measure mycophenolic acid on the MX908 handheld MS. Finally, a MIP mesh designed 

to extract OPPs from water was used with the thermal desorption accessory of the MX908 

to measure malathion and chlorpyrifos in water.  
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5.2 Materials and Methods 

5.2.1 General 

Solvents and regents used for desorption and standard preparation (MeOH, ACN, 

water, and formic acid) were of Optima LC-MS grade and purchased from Fisher 

Scientific (ON, Canada). All reagents used for preparing extraction devices were obtained 

from Fisher Scientific (ON, Canada). Ultrapure water (18.2 MΩ cm-1) was prepared in-

house using a Milli-Q water purification system (ON, Canada). Stainless-steel substrates 

for preparation of extraction devices were purchased from McMaster Carr (GA, US) and 

cut using a WAZER waterjet cutter (NY, USA). Synthetic human urine pooled human 

urine and pooled human plasma (2× charcoal stripped) were purchased from BioIVT (CT, 

USA). Biological specimens were frozen at -20 °C and thawed at 4 °C for one hour prior 

to use. 

 

5.3 Analytical Targets and Device Preparation 

5.3.1 Drugs of Abuse  

Standard solutions of cocaine in acetonitrile (1.0 mg mL-1), methamphetamine, 

3,4-methylenedioxymethamphetamine (MDMA) methadone and methadone-d3 in 

methanol (1.0 mg mL-1), were purchased from Cerilliant (TX, USA). A mixed standard 

solution of drugs (100 mg L-1) was prepared from purchased standards in methanol. The 

structures and relevant properties of these compounds are listed in Table 5.2. Thin film 

devices were prepared as previously reported[199].  
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Table 5.2. Structures and physical properties of selected drugs of abuse 

Compound MW 
(g/mol) 

 Structure  
 

pKa  logP 

Methamphetamine 149.2 

 

9.87 2.07 

MDMA 193.2 

 

10.38 1.68 

Cocaine 303.3 

 

8.6 2.3 

Methadone 309.4 

 

9.2 3.93 
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5.3.2 Mycophenolic acid  

Materials, methods, and procedures for MPA can be found in Chapter 2.  

 

5.3.3 Organophosphorus pesticides 

Malathion and chlorpyrifos were purchased from Sigma Aldrich (Oakville, ON, 

Canada). The structures and relevant properties of these compounds are listed in Table 

5.5. Synthesis of pseudo template 2‐{[diethoxy(sulfanylidene)‐λ‐phosphanyl]amino}acetic 

acid was performed according to procedure described by Wang et al. [200] with 

modifications. Glycine (3 mmol, 2.253 g) was dissolved with stirring in 30 mL 

2.5 M NaOH in a 50 mL round bottom flask for 30 min under nitrogen. O,O′-diethyl 

chlorothiophosphate (3 mmol, 4.65 mL) was then added dropwise over a 10 min period. 

The solution was stirred for 6 h at room temperature. The unreacted components were 

removed by washing the reaction mixture with diethyl ether (2 × 25 mL). The pH was 

adjusted to 2.0 using 1 M HCl and the product was extracted into diethyl ether 

(3 × 50 mL). The diethyl ether extracts were pooled and dried using anhydrous 

magnesium sulfate. Following solvent removal using a rotary evaporator, the product was 

obtained as a white solid in a good yield (5.888 g, 86%). The product was characterized 

by high resolution ESI-MS. For the protonated molecule [C6H13NO4PSH]+ the m/z was 

227.03742, which is in excellent agreement with the calculated value of 227.03812 ( 𝛿 =

−3.05	𝑝𝑝𝑚). MIP mesh devices were prepared as previously reported [110]. 
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5.4 Instrumentation and Operating Conditions  

5.4.1 Benchtop MS 

A Xevo TQ-S equipped with a custom-built Z- axis nano electrospray ionization 

(nESI) source was used for quantitation and used in positive mode MRM. Ionization was 

obtained by setting blade voltage at +3.0 kV, ESI source temperature at 20 °C, and 

desolvation temperature at 500 °C. A nitrogen generator (Peak Scientific, Scotland, UK) 

was used to supply cone gas at 150 L h-1. Details on MRM transitions, cone voltage, and 

collision energy for drugs of abuse and an internal standard for are included in Table 5.3. 

The conditions for measurement of MPA are identical to those presented in Chapter 2.  

 

Table 5.3. MRM transitions, cone voltage, and collision energy of selected drugs of abuse 

on Waters Xevo TQ-S.  

Drug Precursor 

ion (m/z) 

Cone 

voltage 

(V) 

Product 

ion 1 

(m/z) 

Collision 

energy 

(eV) 

Product 

ion 2 

(m/z) 

Collision 

energy 

(eV) 

Methamphetamine 150.2 50 91.1 15 119.1 27 

MDMA 194.1 30 105 30 163 10 

Cocaine 304.2 30 105 40 182.1 25 

Methadone 310.2 30 105 25 265.1 19 

Methadone-d3 313.2 30 105 25 268.3 13 

 

5.4.2 Handheld MS 

A handheld, corona-discharge, high-pressure trap mass spectrometer (MX 908, on 

loan from 908 devices, Boston, MA) was held at 1.2 Torr for all experiments. The trap 
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aperture voltage was maintained at 25 V with the appropriate polarity for the ionization 

mode. For analysis of MIPs targeting mycophenolic acid, a custom source configuration 

was designed in-house consisting of a stainless-steel ion source housing, lined with a 

PTFE insert for electrical isolation (908 Devices, MA, USA). The blade was attached to a 

micromanipulator (Narishige, Tokyo, Japan) and positioned in-line with the inlet slit. HV 

was applied from an external variable power supply (U33010, American 3B Scientific, 

GA, USA) with a potential range of 0-5000 V and a current limit of 2 mA. The MX908 

spectrometer and the HV power supply shared a common ground to complete the circuit. 

For analysis of fabric mesh extraction devices, the thermal desorption swab source 

attachment was used with a heating cycle as follows: ambient temperature over 0-15 s, 

rapid ramp to 250 °C held over 15-35 s, rapid cooling and held at ambient during 35-45 s. 

The thermal desorption sampling pump (drawing air through the fabric) was operated at a 

50 % power (corresponding to 6 V) from 0-42 s. The corona discharge source was 

operated at either +4.4 kV or -3.9 kV for positive and negative ionization, respectively.  

 

5.5 Results and Discussion  

5.5.1 Xevo TQ-S Custom Source Interface  

A custom source interface for the Xevo TQ-S was fabricated by Technical 

Services at Memorial University of Newfoundland. A functional prototype of a nano 

electrospray source was created (Figure 5.3). In this prototype, a computer mouse (Figure 

5.3D) was used to activate data collection processes on the MS just before the addition of 

desorption solvent to the blade. This system was necessary as the normal method to 
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trigger data acquisition using Waters software could not be activated remotely, or in a 

timely fashion. A second crucial component added were gas plugs on the source interface 

(Figure 5.3D). The use of gas plugs allows a required source line pressure to be reached. 

Without the use of gas plugs the system went into failure mode due to a perceived gas 

leak.  

 

Figure 5.3. Direct coupling of coated blades to Xevo TQ-S. A: An example of a coated 

blade used in this configuration. B: Overhead view of the micromanipulator and HV 

connections on the Z-axis source. C: Using a pipette to deliver desorption solvent for 

sample introduction. D: Gas plugs (indicated in red). Computer mouse (on source stage) 

programmed through the MS (contact closure) to initiate data collection.  

 

The instrument software is operated as if the Waters commercial nano-

electrospray source is installed, except the source electrical harness is wired to deliver HV 

to the micromanipulator grippers which hold the coated blades. The coated blades are 

mounted so that the tip is 1-2 mm from the cone aperture; the distance was optimized by 

moving the blade forward incrementally just until arcing is observed, then backward 
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about 0.5 mm. Preliminary experiments indicated that this distance gives the highest 

signal. Once data collection is initiated, 10-20 seconds of data is recorded prior to the 

addition of a small volume of desorption solvent (1-10 µL). The signal commences as the 

solvent sprays from the tip. The movement of solvent front in the sorbent from the 

deposition position to the tip is observable (similar as seen in thin layer chromatography), 

with no further signal observed once all of the solvent has been spray from the device. 

The data is analyzed as a single ‘peak’ where the entire spike in signal is integrated 

(Figure 5.4).  

 

 

Figure 5.4. Representative trace of mycophenolic acid captured from coated blade spray 

from MIP device where 5 µL was used as desorption volume.  
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A calibration curve for MPA standards using CBS-MS (Figure 5.5) showed great 

linearity and reproducibility from 0.5 to 10 mg L-1. Error between sprays was minimal as 

illustrated from the error bars (0.2-12.7% RSD), which are not visible on the scale of the 

calibration presented.  

 

Figure 5.5. Calibration curve constructed from coated blade spray of mycophenolic acid 

standards. Error bars are ±SD (n=3) and are too small to be observed on this scale.  

 

5.5.2 Drugs of Abuse in Biological Matrices by Coated Blade Spray on Xevo TQ-S 

Mixed standards of the selected drugs of abuse were used to generate calibration 

curves (Figure 5.6). A satisfactory linearity and repeatability were obtained from  
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0.1-100 ng mL-1 with the exception of cocaine, saturating the detector channels at 

50 ng mL-1. The low range calibrations (from 0.1 to 2.5 ng mL-1) also showed satisfactory 

linearity, and a very close slope to the full calibration ranges. This indicates that the 

devices are suitable for measurement across the entire presented ranges. The figures of 

merit for the developed method were calculated and presented in Table 5.4.  
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Figure 5.6. Calibration curves constructed by coated blade spray of mixed drugs of abuse 

standards using Xevo TQ-S. Error bars are ±SD (n=3).  
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Table 5.4. Figures of merit including linear range, LOD, LOQ for analysis of drugs of 

abuse using coated blade spray on Xevo TQ-S 

Compound 

Linear range  

(ng mL-1) 

LOD  

(ng mL-1) 

LOQ  

(ng mL-1) slope R2 

Cocaine 0.1-50 0.09 0.24 161698 0.9978 

Methamphetamine 0.1-100 0.09 0.26 35957 0.9944 

MDMA 0.1-100 0.06 0.11 31622 0.9963 

Methadone 0.1-100 0.09 0.25 157531 0.9967 

Methadone-d3 0.1-100 0.09 0.24 53975 0.9960 

  

Using pooled patient plasma, urine, and a synthetic human urine, the effect of 

severe matrix on relative signal were examined (Figure 5.7). The experiment consisted of 

spiking the biofluid, dispensing 10 µL of the fluid on the coated blade and allowing it to 

air dry. This dried biological fluid represented the worst matrix interference possible with 

no washing and mass precipitation of biomolecules on the sorbent. Desorption solvent 

was applied to the films and analysis using the CBS-MS on the TQ-S was conducted.  
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Figure 5.7. Evaluation of matrix effects in blank and DOA spiked biological fluids by 

coated blade spray MS. A) Full scale figure; B) Y-axis adjusted for better representation 

of matrix differences. Error bars are ±SD (n=3).  

 

The results using the extreme matrix loadings presented in Figure 5.7 show a 

significant decrease in response, yielding reductions in signal to approximately 20% of 
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the control response at 100 ng mL-1. As expected, based on biofluid complexity, signals 

from human urine were better than from plasma. Removal of the biofluid, followed by 

washing and drying the film prior to desorption were used for subsequent experiments as 

described in previous thesis chapters.  

Inter-device variability was assessed through static extraction of DOA spiked 

human plasma followed by CBS-MS (Figure 5.8). Percent recovery, shown as data labels 

ranged from 34% for methamphetamine to 86% for methadone-d3, with an average 

recovery of 60% for all drugs tested. The inter-device variability was nearly independent 

of drug tested, ranging from 43-54% with an average variability of 49%. This result is 

quite high as compared to traditional analyses, though expected for this type of analysis. 

As the placement of a new extraction device cannot be perfectly repeated, it is suspected 

that most of the variability may be due to imperfect placement of the devices, rather than 

the monoliths themselves. This is further supported by considering the low variability 

observed with the same devices used in desorption and LC-based analyses. The 

variability observed in Figure 5.8 would not be detrimental to the method in a 

presence/absence type of test, such as that required for routine drug screening in a 

hospital setting.  
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Figure 5.8. Evaluation of inter-device variability and percent recovery in 25 ng mL-1 

mixed DOA-spiked plasma with a 1-minute static extraction, followed by a wash with 

pH-unadjusted water and desorption by 10 µL MeOH 0.1% FA by coated blade spray 

MS. Data labels are percent recovery. Error bars are ±SD of three individual devices 

(n=3).  
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5.5.3 Coupling MIP Mesh to MX908 

A MIP-coated mesh can be easily coupled to the MX908, since the instrument has 

been previously optimized for strips of fabric used for swabbing potential threats 

(Figure 5.9). MIP mesh was cut to match the exact dimensions of the commercial swabs 

and is cut from a sheet of polymerized material using a Cricut MakerÒ (Figure 5.9B).  

 

Figure 5.9. MIP mesh coupled to MX908. A: Thermal desorption module attached to 

corona-discharge source, with MIP mesh seated in analysis position. B: An example of a 

MIP mesh used with the MX908. C: A screen capture of the BORG software used for 

instrument control and data analysis.  

 

For the specific MIP mesh used in this work for organophosphorus pesticides, the 

washing solvent was optimized for the lowest non-targeted signal (Figure 5.10). 
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Figure 5.10. Solvent wash optimization. A: Comparing different wash solvents using a 

stirred desorption for 1 h in a Petri dish versus 24 h in a Soxhlet extractor. Error bars are 

±SD (n=3). SNR is signal to noise ratio of a full scan from m/z 55-470, comparing counts 

on the detector pre and post thermal ramp of source. B: Soxhlet extractor with MIP mesh 

devices in the chamber.  

 

A simple wash step where solvent is agitated in a Petri dish was not suitable to 

reduce the signal-to-noise ratio to a suitable level for trace detection (Figure 5.10A). To 

overcome this, Soxhlet extraction was used to avail of an automated removal of unreacted 

polymer components over a long period of time (Figure 5.10B). The previous approach 

for blade devices uses several washes of solvent, which creates a large volume of solvent 

waste for a batch of devices. By using a Soxhlet extractor, less solvent is used to 
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minimize the environmental impact of the method and washing steps can be carried out 

overnight with appreciable reduction in background signal (Figure 5.10A). Once the 

template is removed through washing, the fabric strips are dried in a vacuum oven to 

remove trace solvent and residual volatiles and can be stored for use.  

To examine the potential quantitative use of the MX908, which was used to this 

point as a presence/absence detection tool, a fabric mesh coated with a MIP designed for 

organophosphorus pesticides (OPPs) from water was used. Malathion and chlorpyrifos 

were selected as two representative OPPs for construction of calibration curves using the 

MX908 (Table 5.5).  

 

Table 5.5. Structure and relevant physical properties of selected OPPs.  

Compound Chemical Structure Mol. 

Wt.  

logP pKa Boiling pt. 

(°C) 

malathion 

 

330.36 2.75 - Decomposes 

chlorpyrifos 

 

350.59 4.96 4.55 375.9 
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The measurement method was optimized by running a series of standards 

extracted from water and thermally desorbed into the MX908 (Figure 5.11). Mass spectra 

collected from ionization in both positive (not shown) and negative mode (Figure 5.11B). 

The signal-abundant negative chemical ionization mass spectrum was studied to select the 

most prominent fragment(s) for quantitation. For malathion, a single fragment with a m/z 

of 157 was strong, with about ten percent the m/z 157 peak being the negative molecular 

ion at m/z 330. The calibration curve of malathion was linear from 100-1000 mg L-1 

(Figure 5.11A).  
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Figure 5.11. Malathion analysis using MIP OPP mesh. A: Calibration curve constructed 

through 30 min extraction of malathion spiked water, followed by drying and thermal 

desorption of the device into the MX908. Error bars are ±SD (n=3). B: Mass spectrum 

obtained from 1000 mg L-1 extraction of malathion. Colored lines depict spectra 

collection from various f-stops, used to create the complete spectrum.  
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 Negative chemical ionization of chlorpyrifos also yielded the most fruitful 

spectrum (Figure 5.12). From this spectrum, two prominent ions were selected for further 

study: m/z 172 and 201. These two ions correspond to two expected fragments based on 

structure, and consistent with previous reports. The sum of both ions was used for 

quantitation in Figure 5.12. The presence of about 30% signal from the negative 

molecular ion is also noted.  
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Figure 5.12. Chlorpyrifos analysis using MIP OPP mesh. A: Calibration curve 

constructed through 30 min extraction of chlorpyrifos spiked water, followed by drying 

and thermal desorption of the device into the MX908. Error bars are ±SD (n=3). B: Mass 

spectrum obtained from 1000 mg L-1 extraction of chlorpyrifos. Colored lines depict 

spectra collection from various f-stops, used to create the complete spectrum. 
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 The use of a MIP mesh with the MX908 is an attractive and convenient way to 

sample in the field. The preliminary data presented here demonstrate the ability of the 

handheld instrument to obtain semi-quantitative data for OPPs extracted from water using 

MIPs. One key step in development of subsequent coated mesh devices to be used in 

conjunction with 908 Devices thermal desorption adapter is the reduction of background 

bleed from the films.  

 As the spectra obtained from the instrument have extremely wide bands (in the 

range of m/z 30-70), it is crucial when obtaining data that a complete spectrum is 

analyzed, measuring ratios of multiple fragments, and estimating the molecular ion from 

the broad molecular ion peak. The main limitation in developing these methods are 

limitations in software. The software used for the data collection on the MX908 was 

developed only for presence/absence method development for internal company use and 

thus lacked a number of features to improve reliability of data.  

 

5.5.4 MX908 Custom Source Interface  

The design of the nano electrospray source for the MX908 was conducted with 

experience with the TQ-S source and considering limitations of the handheld instrument. 

At first, the onboard HV source was used to power the coated blade; this power is 

normally used for the corona discharge (Figure 5.13). This approach was not satisfactory 

due to space limitations and interference from the HV wiring in close proximity to the 

MS.  
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Figure 5.13. Attempted design of HV routing from corona discharge post in MX908. Note 

the PTFE lined source for electrical insulation.  

 

 An overview of the working prototype can be found in Figure 5.14. Instead of the 

onboard HV approach, which would have been convenient to maintain portability of the 

MS, external power supplies were used for the subsequent steps (Figure 5.14C). A 

micromanipulator positioned in front of the PTFE lined and electrically insulated source 

was used to hold the coated blades (Figure 5.14 A and B). Important to the operation of 

this setup is a wire that bridges the 12 V DC instrument power with the 5 kV HV power 

supply (Figure 5.14C). Finally, for user protection, a resistor (1 GW, 0.25 W) was placed 

in series with the blade to prevent excessive arcing and user electrocution (Figure 5.14D).  
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Figure 5.14. Custom nano-electrospray interface for coated blade spray using the MX908 

handheld MS. A: TF-MIP for mycophenolic acid used in direct coupling. B: 

micromanipulator holding the coated blade within the PTFE coated ion source. Electrical 

potential is delivered via the alligator clip attached to the blade. C: Power supplies for 

running the system. On the bottom is the 12 V, 2 A DC power supply used to run the MS 

instrument. On the top is a 5 kV, 2 mA high-voltage power supply. The red circle 

indicates a crucial common connection between the power supplies to complete the 

circuit. D: 1 GW resistor (0.25 W), in-line with HV source to coated blade to prevent 

arcing.  
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 The BORG software (908 Devices, Boston, MA, USA) was used for all data 

collection. Similar to the Xevo TQ-S setup for coated blade spray, background spectra 

were collected for several seconds, followed by addition of desorption solvent to the 

blade, at which point the nano-electrospray introduced ions to the MS. Following the 

return of the signal to the baseline, data collection was stopped. The entire signal rise was 

integrated across the time course of the spray. The software was operated in full scan 

mode and extracted ion chromatograms were generated for semi-quantitative work. 

 

5.5.5 Coated Blade TF-MIP Mycophenolic Acid Analysis on MX908 

MIPs developed for extraction of mycophenolic acid presented in Chapter 2 were 

coupled to the MX908 using the custom CBS source. After extraction and rinsing the 

films were dried and attached to the micromanipulator positioned in front of the MX908. 

A spray was obtained through pipetting 5 µL of desorption solvent onto the blades a few 

seconds following the commencement of data collection (to obtain baseline). A spray 

with a duration of 30-45 seconds was observed, where the entire rise in baseline was 

integrated for quantitation.  

Spectra were collected of mycophenolic acid in negative ionization mode under 

both low and high collision energy (Figure 5.15). In Figure 5.15 A, where 25 V radial RF 

collision energy is employed, the most prominent peak observed is the [M-H]– of 

mycophenolic acid. Some additional less intense peaks are present, however due to the 

high relative noise and broad peak width, interpretation of the obtained spectra using the 

MX908 alone was difficult. The results shown Figure 5.15B correspond to experiments 
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where the ion trap was subjected to a 25 V-130 V ramp in radial RF collision energy, 

which provided a strong fragment at approximately m/z 230. An additional fragment with 

a mass of approximately m/z 100 is also present in both spectra. The fragment at 

approximately m/z 230 is somewhat unexpected, as the most commonly reported 

quantitative, and thus stable, MRM transitions for MPA yield product ion mass of m/z 

207. It was unclear if the fragment we were observing could be this commonly used 

fragment in previous quantitative work, or if it was something else unidentified, but it 

may likely be the expected m/z 207 fragment and reading as m/z 230 due to the broad 

peaks observed in MX908 spectra. Literature on fragmentation patterns of mycophenolic 

acid under different conditions is lacking and this hindered the efforts to identify this 

fragment easily using the MX908.  
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Figure 5.15. MX908 Spectra of mycophenolic acid. A: ESI (-) spectrum with no collision 

energy ramp, maintained at 25 V. B: ESI (-) spectrum with collision energy ramping 

(radial RF ramping) from 25 V to 130 V showing fragmentation products at 

approximately m/z 100 and 230.  
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To try and answer the question of what the fragment at m/z 230 is, the Xevo TQ-S 

was employed as it is more reliable in terms of mass accuracy and has the capability of 

more controlled CID fragmentation experiments. Spectra were collected under varying 

collision energies, but masses between m/z 200 and 270 were not observed (Figure 5.16). 

As this resulting mass was unable to be repeated on the Xevo TQ-S, it was unclear what 

this fragment was. If the m/z 230 fragment were detected on the TQ-S, then product ion 

scans from the m/z 230 peak could have been conducted to aid in structural elucidation.  

 

Figure 5.16. ESI (-) spectrum of mycophenolic acid at 5 mg L-1 on Xevo TQ-S. The 

molecular ion, [M]-, is the most prominent peak at m/z 319.  

 

 There are two potential scenarios that may yield the m/z 230 product but lack 

clear evidence from the presented data to have high confidence in these proposals. The 

first would be the neutral loss of two CO2 molecules from MPA, which would yield at 
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monoisotopic peak [MPA-H-2CO2]- at m/z 231.1187, and similar mechanisms have been 

reported in the literature for the loss of CO2 from comparable functionalities (the acyl 

carboxylic acid and the lactone of the phthalide) [201–203]. The second, is a series of 

spectra publicly archived on MassBank (accession# MSBNK-AAFC-AC000676-

AC000680) and collected based on a series of collision energy experiments using 

frontend chromatography coupled to a Thermo Scientific Q-Exactive Orbitrap MS with 

the following instrument settings: MS2 spectral scans; Collision Energy: 10-55; 

Resolution: 17500; [M-H]- (Figure 5.17). The experiments were carried out using a pure 

MPA standard by Agriculture and Agri-food Canada in London, ON and is the only lab 

which has reported fragments around m/z 230 for MPA. The two fragments that are 

candidates for the observed peak are m/z 231.0643 yielding molecular formula 

[C13H11O4]- and a mass error of -8.53 ppm. The second fragment identified is m/z 

233.0803 yielding molecular formula [C13H13O4]- and a mass error of -6.97 ppm. As can 

be observed from Figure 5.17, the negative molecular ion decreases in abundance with 

increasing collision energy, becoming nearly undetectable by a CE of 55. Inversely, at 

low collision energies the peaks at m/z 231 and 233 are nearly undetectable and increase 

with CE. In addition to the peaks of interest around m/z 230, peaks that are also present in 

the MX908 CID ramp spectrum (Figure 5.15B) such as m/z 107, 135 and 287 are also 

found in higher CE spectra in Figure 5.17.  
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Figure 5.17. Collision energy experiments of MPA on Q-Exactive Orbitrap MS produced 

by AAFC and publicly archived on MassBank with accession numbers MSBNK-AAFC-

AC000676-AC000680. The red circle indicates the negative molecular ion peak of MPA 

at m/z 319 and the blue square indicates the two peaks observed at m/z 231 and 233.  
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The evidence of both of these plausible cases supports the idea that the peak 

observed at m/z 230 is a fragmentation product of MPA, particularly since this peak was 

more prominent when in-source CID was used on the MX908, which corresponds with 

the presence of the two m/z 230 products observed on the orbitrap, in addition to other 

peaks corresponding between the MX908 and orbitrap spectra. When viewing the 

experiments conducted on the orbitrap, the m/z 230 products are not prominently 

observed in the spectra until a relatively high CE was used. CE is not directly comparable 

between instrument manufacturers and is based on the physics and type of collision cell in 

the instrument. The Xevo TQ-S has a controlled linear CID in Q2 where presence of 

argon and application of RF are the driving forces for fragmentation. On the Q-Exactive, 

higher-energy C-trap dissociation (HCD) is the CID method [204], and allows for more 

rich spectra to be obtained, particularly because ions can be activated multiply thereby 

allowing for multiple fragmentation products. Therefore, it is probable that an insufficient 

amount of CE and that the different type of CID used on the Xevo TQ-S resulted in no 

detectable fragmentation of MPA at m/z 230. The mechanism of in-source CID in the 

MX908 more closely resembles the orbitrap as it is a high-pressure MS and collisions 

with gases are more probable as pressure increases. 

Considering the several steps undertaken to identify the fragments with the 

resources available not yielding direct evidence and supporting evidence from other high 

mass-accuracy studies suggesting the large peak observed at m/z 230 was indeed a 

product of MPA fragmentation, a crude calibration curve was constructed over 0.25-10 

mg L-1 (Figure 5.18). The signals in bins m/z 228-230 and m/z 319-320, which 
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corresponded to the most intense detector response for the molecular ion and the 

unidentified fragment were compared. It was determined that the sum of the m/z 230 

fragment and the m/z 319 molecular ion provided the most reliable signal, and that the 

independent signal of each fragment alone was not as linear as the sum (Figure 5.18). 

This result, although not definitive, supports the hypothesis that the m/z 230 fragment is a 

product of MPA fragmentation.  

 

Figure 5.18. Calibration curve constructed from coated blade spray of mycophenolic acid 

standards. The response is the sum of mass response of m/z 228-230 and m/z 319-320. 

Error bars are ±SD (n=3). Legend at the bottom of the graph corresponds to m/z bins for 

each set of data points. 
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5.6 Conclusions 

In this chapter, several interfaces for direct sample introduction from monoliths to 

MS were demonstrated. Specifically, the benchtop Waters Xevo TQ-S was used in 

conjunction with a custom ambient coated blade spray source that operates in a nano 

electrospray type configuration. This configuration allowed coupling monolithic thin 

films cast on stainless steel substrates with a point, allowing for direct electrospray into 

the MS. Preliminary data was presented using the MIPs targeting MPA (presented in 

Chapter 2) in the form of a calibration data from CBS-MS.  

Data was presented showing the applicability of a thin film monolith (non-

imprinted) with CBS-MS for the analysis of drugs of abuse in several biological fluids. 

Calibration data in the range of 0.1-100 ng mL-1 was presented with great linearity, even 

at low concentrations below 1 ng mL-1. Spiked biological fluids were assessed for matrix 

effects through CBS-MS where fluids, including plasma and urine reduced the recovery 

to about 20% of the response of standards. Finally, three independent devices were used 

to determine inter-device variability which was about 50%. This high value is most likely 

due to the prototype-like nature of the source and blade holder, where accurate 

positioning is difficult when the holder is moved to change the coupled device.  

A mesh MIP designed for extraction of OPPs from water was used with the 

thermal desorption attachment of the MX908 handheld MS to create a semi-quantitative 

method for measurement of OPPs in water. Spectra from the instrument were presented 

which allowed for extracted ion chromatograms to be used to quantitate compounds of 

interest. The design would allow for simple and fast measure of OPPs in the field without 
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the need for typical analytical laboratory equipment, and analysis takes about 1 minute 

per swab.  

A custom source for the MX 908 was developed which allows coupling of 

stainless-steel based monoliths with the handheld MS. This configuration allowed for 

preliminary data collection using the mycophenolic acid MIP developed in Chapter 2. 

The main drawbacks of the presented interface are shared with the Xevo TQ-S source and 

are related to the precise requirements for blade positioning and the imprecisions in the 

blade manufacturing. Additional to this drawback are several limitations in software 

interpretation of the data. Ideally, a similar software would be developed that allows for 

easy instrument control, settings, and ability to perform specific MS experiments and data 

handling processes.  

Overall this chapter has presented a number of brief examples of how monolithic 

extraction devices can be coupled to both handheld and benchtop MS systems in a 

number of formats including polymer coated mesh and monolithic coated stainless-steel 

blades. The data in this chapter took a significant effort to obtain given the physical and 

software constraints of the respective systems. This work presents the first report of 

coupling a coated blade to a handheld MS for coated blade spray MS. The first report of a 

coupling of a MIP mesh to a handheld MS has also been presented in this work. Both of 

the achievements are significant steps toward reaching the ultimate goal of making these 

devices more accessible to a broader group of scientists (and even non-scientists) that can 

be used in many creative ways to improve the world.  
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It is anticipated that innovations based on these results could lead to onsite 

sampling and analysis of water pollutants using monolith coated mesh with thermal 

desorption into the MX908. Another innovation that is close to fruition is bedside 

therapeutic drug monitoring. The achievements in this chapter presented with 

mycophenolic acid as a representative drug for therapeutic drug monitoring allow for 

future work where a drop of blood taken from a simple finger prick can be spotted on a 

monolith and sprayed into a handheld MS at the bedside for instantaneous drug 

quantitation.  
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6 Summary and Conclusions 

Over the past three decades, monoliths have become prominent in bioanalytical 

chemistry. Monoliths are a particularly powerful tool for separations involving 

biomolecules or in the presence of biological matrices. The design and formulation of 

monolithic phases is highly tunable to the desired application. Additional selectivity can 

even be introduced to these polymers through the introduction of molecular imprinting. 

The methacrylate-co-ethylene glycol dimethacrylate polymers are of particular use, due to 

their high biocompatibility, robust nature, ease of preparation and high capacities, along 

with the ability to customize the functionality. An exemplary commercialization of these 

polymers is from Sartorius BIA Separations in which they utilize glycidyl methacrylate as 

a monomer, which leaves intact epoxides after polymerization. These epoxides can be 

used to functionalize the surfaces of the polymers after casting and are capable of hosting 

a multitude of functionalization choices, including intact biomolecules to perform bio-

affinity chromatography. The results of this thesis support the notions that these 

methacrylate monoliths are powerful and flexible tools for an array of analytical 

applications in the presence of biological matrices. 

In Chapter 2, a TF-MIP for the extraction of MPA from human plasma was 

developed. 4-VP as the functional monomer acted as a base capable of interacting with 

the acidic template mycophenolate mofetil. The ratio of porogenic solvents in the binary 

system was optimized to maximize both analytical performance and mechanical stability 

of the films cast on stainless-steel substrates. The method developed showed a good 

throughput rate and required manual handling of each film for the processing steps. The 
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MIP yielded higher recovery of MPA relative to the corresponding NIP. The method 

allows for the determination of MPA in 45 min including analysis time and can easily be 

scaled for high throughput to allow for a single technician to process more than 96 

samples per h. The method gave an LOD of 0.3 ng mL-1 and was linear from 1-

250 ng mL-1. Patient plasma samples were initially tested but the drug concentration was 

quite high. To correct for this, the plasma (35 µL) was diluted using charcoal-stripped 

pooled-plasma to a final extraction volume of 700 µL which allowed measurement within 

the method linear range. Intra- and inter-day variability were 13.8% and 4.3% 

(at 15 ng mL-1) and 13.5% and 11.0% (at 85 ng mL-1), respectively (n = 3); inter-device 

variability was 9.6% (n=10). The low inter-device variability makes these devices 

suitable for single use in a clinical setting, and the fast and robust method is suitable for 

TDM.  

In Chapter 3, a TF-MIP for the analysis of TKIs in human plasma was developed 

using a 96-well microplate format. A DOE system was initially used to optimize the 

formulation of the polymer, however there were several qualitative factors that could not 

be assessed by the computer, or easily converted to a numerical value, which lead to 

physically unstable formulations. A final film formula was developed through an iterative 

process, chronologically optimizing each parameter, then re-optimizing at the start once 

each round gave a desirable result. The less commonly used functional monomer, N-

MEMA was used as it gave superior performance; it is more water compatible than other 

monomers like MAA and 4-VP and has a free hydroxyl group that can interact with 

analytes. The developed method and allows for rapid, reliable, and concurrent extraction 
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of TKIs with quantitation using LC-MS/MS. The extraction, washing, and desorption 

steps are simplified using a multichannel pipette and neutral, unadjusted water for 

washing, with minimal manual handling and ability for fully automated integration. These 

devices have an inter-device and batch-to-batch variability of about 5%, meaning results 

between batches of devices and individual devices are highly comparable. The linear 

ranges of all four TKIs are well below and above the therapeutic ranges, with limits of 

detection and quantification far below the lowest clinically significant result. The results 

and ease of the protocol indicate these devices would be suitable for clinical applications 

or therapeutic drug monitoring of Das, Ima, Nil, and Pon, either individually or in any 

combination. Based on these results using four representative TKIs with varying 

chemistries for this study, it is expected that the whole family of TKIs could be extracted 

using these devices. 

The developed MIPs were stress tested under a number of atypical physiological 

conditions and the performance of the devices under these conditions was evaluated. One 

unique aspect of the presented work is the amount of biological validation presented, 

which outlines which interferents are tolerated in the test, and their respective effect on 

the analytical result. This type of biological information is valuable in determining the 

robustness and reliability of an analytical method in the clinic, particularly when patients 

undergoing such treatments would be considered unwell, and thus atypical blood 

physiology could be expected. Outlining the biological limits of the method and the 

reliability when stress tested is useful for future work where a larger clinical based study 

could fully explore the potential of the developed devices for routine clinical use.  
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Along with the particular application-specific MIP, new 96-well format devices 

were prepared and utilized, which represent significant time, cost and handling savings as 

compared to blade formats such as those presented in Chapter 2. The 96-well format is 

able to be directly introduced to typical high-throughput processes, allowing the handling 

of 96 individual samples to be processed as one unit, saving time and manual 

manipulation steps. The 96-well format could be carried through from the preparation of 

the films all the way through to the instrumental analysis. Allowing for this type of 

automation, where manual handling is minimized, is also greatly beneficial in regulated 

laboratory environments where sample mix-ups could potentially lead to catastrophic 

results for patients. Along with the benefits of sample processing, is also the benefit of a 

platform for side-by-side, high throughput comparison of several formula compositions 

and ratios in the plate format. This benefit allowed for many more formula compositions 

to be screened than in Chapter 2 where individual devices were individually cast and 

manipulated.  

In Chapter 4, a two-step chromatographic approach for the isolation of GTA 

particles from Rhodobacter capsulatus culture was developed. Two monolithic columns 

were used with different chemistries for crude isolation followed by polishing. This was 

achieved by first isolating the particles from culture filtrate through dilution of the filtrate 

to 1.5 M potassium phosphate buffer. This high ionic strength solution was then loaded 

into a hydroxyl functionalized methacrylate monolith with 2 µm open pores and separated 

from the media components and other lysis products through hydrophobic interaction 

chromatography. After loading up to 100 mL of solution onto the 1 mL column at a rapid 
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flow rate of 5 mL min -1, the monolith could be washed, followed by a descending 

potassium phosphate gradient which eluted the GTA particles. We also observed a major 

interferent, photosynthetic vesicles or chromatophores, which abundantly co-eluted with 

the GTA particles requiring a second purification step. The second step was achieved by 

diluting the eluted fractions from the OH column with 9 volumes of distilled water and 

loading onto a 1 mL quaternary ammonium functionalized monolith under low ionic 

strength. The GTAs were eluted through an increasing gradient of ammonium sulfate 

which allowed for on-column buffer exchange required to maintain GTA activity in the 

final product since the potassium phosphate buffer was not conducive to biological 

activity of the isolated particles. Nearly pure GTAs were obtained at the end of the 

workflow. This work demonstrates the power of bulk polymerized monoliths for 

preparative scale purifications. The noticeable benefits are the ability to run the columns 

at high flow rates 5-10 mL min -1 without backpressures exceeding ~8 bar. It was 

demonstrated that the isolated GTA particles maintained their ability to transfer genetic 

material, meaning that the particles remained intact and did not experience major shear or 

turbulent forces that would deform or break apart the component proteins. These columns 

have proven useful for many industrial-scale purifications and columns with bed volumes 

as high as 8 L are commercially available in several chemistries, allowing for the efficient 

isolation of up to 200 g pure macromolecules such as plasmid DNA, mRNA, proteins, 

phages and viruses as well as vesicles [4]. The developed process in this chapter 

represents a broadly applicable approach that is suitable for not only GTAs but also other 

small phages that are of particular interest for phage-based therapies. As the monoliths 
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possess atypical chromatographic properties, scaling up processes to industrial scale is 

more straightforward and can be directly translated from lab to industrial scale with 

minimal re-optimization.  

In Chapter 5, custom coated blade spray sources, developed for both the benchtop 

Xevo TQ-S and the handheld MX908 are used to demonstrate how CBS-MS can be used 

to expedite analysis time and provide results in locations that may not otherwise have labs 

equipped with benchtop MS instrumentation. The therapeutic drug MPA was analyzed by 

CBS-MS on both the MX908 and Xevo TQ-S using the TF-MIP developed in Chapter 2. 

Selected drugs of abuse were also analyzed by CBS-MS using the Xevo TQ-S, with an 

emphasis on evaluating how rinsing the devices reduce matrix interference and allow for 

a reliable signal to be measured. Finally, a MIP mesh previously developed in the group 

was used with the thermal desorption adapter of the MX908 to demonstrate how semi-

quantitative measurement of OPPs could be achieved in the field. The developed sources 

and extraction devices presented in this chapter represent early examples of the future 

direction of the field. Remote and on-site monitoring of biologics, drugs and 

contaminants has been of interest for several decades and has seen great developments 

with the introduction of several portable MS analyzers, GC-MS systems, and other 

handheld detectors. This work represents the beginning of the next generation of such 

devices and interfaces where more complex questions can be asked and answered using 

such equipment. For example, drug quantitation from a finger prick of a patient in a 

remote community using CBS into a handheld MS should be able to become a reality this 

decade. Particular milestones achieved were CBS-MS of MPA using the MX908, 
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employing a MIP coated fabric mesh for rapid water OPP analysis and drugs of abuse 

screening from plasma and urine using CBS-MS on the Xevo TQ-S.  

In this work, both custom and commercial monoliths were employed in various 

formats for analyte extraction and purification from complex biological matrices. 

Through the development of two thin film MIP devices for clinical application, two 

formats (both stainless steel blade and 96 well plate) were successfully employed. 

Reproducible and easily useable devices were created each with their own benefits. The 

coated blades benefit from being recyclable and can be used for CBS-MS while the 96-

well plate format allowed for rapid throughput work in both screening of formulas, 

conditions as well as actual sample processing. The 96-well format can also be fully 

integrated into high throughput lab infrastructure with minimal modification, providing a 

rapid and simple way to improve bioanalytical methods. In addition, commercial bulk 

monoliths for the isolation of a GTAs were used to develop a two-step approach to yield 

clean particles. The developed process is broadly applicable to other phages and virus like 

particles and is easily scalable to be a useful tool in biomanufacturing. 

 In this work, both small molecule and macromolecular purification workflows 

have been developed. Both approaches are vastly different and traditional 

chromatographic theory could not easily be applied to macromolecular separations. 

Monoliths are a unique tool that overcome many pitfalls experienced by traditional 

particle based chromatographic approaches and theory.  

Biological matrices pose significant challenges to analytical workflows. The 

complex matrices of mammalian or bacterial samples studied in this thesis contain many 
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biomolecules including proteins, nucleic acids, lipids, and saccharides which routinely 

interfere with commonly employed methods. All four of the presented projects focused 

on removing these biomatrices to obtain a method or device that can perform independent 

of varying conditions and pathologies. Of particular merit was the biological validation 

work of the TKI TF-MIP. The devices performed very well when challenged with 

bilirubin, triglyceride-rich lipoproteins, severe hemolysis in addition to elevated plasma 

protein levels. The devices performed well under most conditions at elevated levels, and 

performance only began to deteriorate under extreme conditions at the maximum 

physiological limits.  

In conclusion, a broad suite of work is presented that employed monoliths for 

extraction of analytes from complex biological matrices. A greater understanding of the 

validation required for clinical based testing and developed two unique solutions for 

therapeutic drug monitoring was gained. The first development consisted of a stainless-

steel coated blade, which was employed in both a typical LC-MS based workflow in 

addition to being directly coupled to both benchtop and handheld mass spectrometers. 

The second development was a high-throughput TF-MIP 96-well plate for the quick and 

simple processing of many patient samples. The development of the 96-well format also 

allowed for rapid formula and extraction screening and method development. The scale, 

ease and ability to fully integrate into existing 96-well infrastructure is of great benefit.  

This method would be suitable for large clinical centres where hundreds of samples can 

be processed per hour. The fourth chapter reported assessment of commercial monolithic 

columns to isolate virus-like particles from bacterial culture. This process is analogous to 
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common processes in biopharmaceutical manufacturing where the benefits of bulk 

monoliths are already being exploited. Unlike traditional chromatographic sorbents, these 

monoliths tolerate very high flow rates at minimal pressures with high binding capacity 

for biomolecules. The developed two-step approach using an initial capture step driven by 

a mechanism similar to hydrophobic interaction chromatography, followed by a polishing 

step using a QA functionalized monolith as a SAX phase allowed for the gentle isolation 

of functional particles that were of high purity and still functional. This process is broadly 

applicable to many small phages and virus-like-particles and the developments contribute 

to advancing bioprocessing, particularly of GTA. Monoliths are, and will continue to be, 

highly useful materials for chromatographic separation and extraction of molecules of 

biological importance. 
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7 Challenges, Limitations and Future Work 

In Chapters 2 and 3, extraction devices and corresponding analytical methods for 

measurement of therapeutic drugs that are candidates for TDM were presented. The main 

drawback in both of these studies was the limitation of patient samples. Specifically in the 

case of MPA which is a drug given to prevent rejection of a transplanted organ, organ 

transplantation is not conducted in the province of Newfoundland & Labrador and 

therefore it would be nearly impossible to organize a study obtaining blood samples from 

local patients. Additionally, due to the small population of Newfoundland & Labrador 

relative to other provinces in Canada, the number of patients in the province undergoing 

treatments that require TDM is extremely small. Similarly for TKIs, these drug regimens 

do not currently benefit from TDM in this province, therefore obtaining blood samples 

from ill patients for this research study would have to undergo rigorous and time-

consuming ethics approval and would likely be determined to be unethical as it may not 

provide a direct benefit to the current patients. An opportunity for future work would be a 

collaboration with a larger research hospital where research on TDM methods is being 

conducted. Often in these clinical research settings, biobanks are established where 

previously collected blood and tissue are held with all scientifically relevant patient 

information. The availability of fresh patient samples and a larger population of patients 

would have allowed for additional studies of interpatient analytical variability and 

studying varying levels of both endogenous and exogenous interferents in patients with 

co-morbidities in both projects. Opportunities involving a large dataset that could 

consider other factors not considered in this study like exogenous interferents, effects of 
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race, gender or age, co-morbidities or other confounding treatments could be studied. A 

large dataset with a high number of well documented patients could support outlining the 

benefits and limitations of both methods in the clinic. As exemplified by the CBS-MS 

work in Chapter 5, both of these TDM methods could be adapted to handheld MS 

applications where access to a rapid and simple analytical tool for patients in remote or 

small centers could be possible. 

In Chapter 4, a novel process for isolation of GTAs from bacterial culture of 

Rhodobacter capsulatus was presented. One unique challenge with Rhodobacter and all 

photoheterotrophic bacterial species is the presence of chromatophores, or photosynthetic 

vesicles. These versatile bacteria are often exploited for their energy efficiency for 

heterologous production of a variety of small molecules, however these chromatophores 

often complicate purification processes. This method significantly reduced this 

chromatophore load and will be a useful tool to exploit many photoheterotrophic bacteria 

for useful heterologous biochemical transformations. This method is directly supporting 

concurrent project work where GTAs from different species of bacteria are being isolated 

and their DNA extracted for sequencing, to be used as a comparative tool to look at GTA 

packaging across species. Although this method was developed for pure cultures, another 

unique opportunity is present to isolate of GTAs from environmental samples such as 

ocean or lake water. By translating the presented methods for a 1 mL bed volume to a 

0.1 mL bed volume, which would be used to minimize the elution volume from the 

expected low abundance of GTA, water can be processed on a liter-scale in a relatively 

short time and the GTA eluted just a few hundred µL, which would be used for next-
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generation sequencing to identify which species, and if any novel GTA-producing 

species, are present. Aside from the sequencing aspects of isolating highly purified GTAs, 

there are also a number of functional and biochemical assays involving GTAs that would 

benefit from a reliably pure and high concentration sample of GTAs. The developed 

method will allow for more detailed study of mechanism of GTAs in an environment with 

a very low amount of interferents, providing a higher quality of data than previously 

possible using single column or ultracentrifuge density-gradient based approaches. The 

approach is also broadly applicable to many small phages where this work could be a 

foundation for both research and production scale purifications.  

In Chapter 5, preliminary data is presented on several examples of how both 

polymer-coated mesh and monolith-coated stainless-steel blade can be used directly with 

mass spectrometers. This chapter presented diverse data from OPPs, which are pesticides 

and environmental contaminants, to drugs of abuse and therapeutic drugs. The benefits 

and ease of directly coupling extraction devices to MS are huge and will likely gain 

popularity for a number of assays in the coming years. As the work in this chapter was 

preliminary, there is much to expand on. The main physical drawback of the work was 

the mounting apparatus for the coated blades on both the Xevo TQ-S and the MX908. 

The precision requirement for the blade manufacture and the holder positioning was a 

major limiting factor in obtaining consistent and repeatable signal across extraction 

devices. Although the signal could generally be normalized with an internal standard, the 

bulk signal variation was several orders of magnitude, thus it was easy for results to fall 

out of the linear range. Further design and engineering by instrument manufacturers on 
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both the interface mechanisms as well as some sort of cartridge for the coated blades 

would be welcome. The approach of a cartridge has been used successfully for a number 

of years on PS sources, so this could be easily achievable with industry interest. There is 

also a PS source with integrated washing and desorption system, which would enhance 

throughput and data reliability should it be able to be converted to the CBS-MS system.  

In addition to the manual setup and variability in positioning the coated blades, the 

software to operate the handheld trap MS was highly specialized for detecting the 

presence/absence of neat drugs of abuse, chemical warfare agents and industrial chemical 

hazards meaning it was difficult to obtain specific and quantitative analytical data and 

responses that were flexible to the presented targets. The software was programming-

heavy with multiple MATLAB scripts needing to be written for each type of analysis and 

experimental condition. The communication between the instrument and computer were 

sometimes unreliable, yielding a corrupt data file for a given run. Crucial fail stops were 

also not built into the software, meaning if erroneous commands or buttons were executed 

on MATLAB, the system may enter an unsafe condition. Examples of this are the 

uncontrolled ability to turn off the vacuum even with the trap HV/RF on and the source 

on. This loss of vacuum can cause arcing in the trap and ruin the instrument in 

milliseconds. Additionally, there was no temperature timeout on the thermal desorption 

heater so, in theory, one could leave it at 300°C and walk away which could lead to 

damage to the plastic enclosure. The lack of these fail stops at present lead to safety 

issues that need to be addressed by creation of more flexible instrument programming 

user interfaces such as those used by the large instrument manufacturers. Should these 
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technological and engineering barriers be overcome, direct coupling of extraction devices 

to handheld mass spectrometers is quite an elegant approach to provide crucial 

information to healthcare providers, environmental researchers, and chemists in a timely 

manner, with minimal instrument or technological resources, making them employable in 

the field, at the bedside, or on a production floor. 
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Appendix 1: Other Scientific Contributions  

 
 

Langille, E.; Bottaro, C. S.; Drouin, A. A Novel Use of Catalytic Zinc-Hydroxyapatite 

Columns for the Selective Deprotection of N-Tert-Butyloxycarbonyl (BOC) Protecting 

Group Using Flow Chemistry. J Flow Chem 2020, 10 (2), 377–387. 

https://doi.org/10.1007/s41981-019-00052-x. 

In this published article, I developed a solid-supported catalyst for use in flow chemistry-

based BOC deprotection. The full-length manuscript (as accepted) can be found in 

Appendix 2. I designed and carried out all syntheses, characterization, and experiments. I 

wrote the manuscript, with subsequent editorial input from A. Drouin.  

 
Langille, E.; Lemieux, V.; Garant, D.; Bergeron, P. Development of Small Blood 

Volume Assays for the Measurement of Oxidative Stress Markers in Mammals. PLOS 

ONE 2018, 13 (12), e0209802. https://doi.org/10.1371/journal.pone.0209802. 

In this published article, I developed a number of analytical methods for quantifying 

oxidative stress in small mammals using ultra-low volumes of plasma. I designed and 

carried out all experiments. I wrote the manuscript, with subsequent editorial input from 

V. Lemieux and P. Bergeron.  
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Langille, E. Optimized Oxidative Stress Protocols for Low-Microliter Volumes of 

Mammalian Plasma. BIO-PROTOCOL 2019, 9 (9). 

https://doi.org/10.21769/BioProtoc.3221. 

In this published methods article, I present protocols of my published analytical methods 

for quantifying oxidative stress in small mammals using ultra-low volumes of plasma. I 

designed and carried out all experiments. I wrote the manuscript, with subsequent 

editorial input from P. Bergeron.  

 

Pallegar, P.; Canuti, M.; Langille, E.; Peña-Castillo, L.; Lang, A. S. A Two-Component 

System Acquired by Horizontal Gene Transfer Modulates Gene Transfer and Motility via 

Cyclic Dimeric GMP. Journal of Molecular Biology 2020, 432 (17), 4840–4855. 

https://doi.org/10.1016/j.jmb.2020.07.001. 

In this published article, I contributed HPLC quantification of the bacterial secondary 

messenger: cyclic-diguanylate (c-di-GMP). I adapted a previously reported analytical 

method for suitability with the samples analyzed and carried out all HPLC experiments 

and data analysis. I wrote the methods portions of the manuscript pertaining to the HPLC 

analysis and provided critical analysis of the results pertaining to the HPLC quantification 

to the first and last authors. 
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Pallegar, P.; Peña-Castillo, L.; Langille, E.; Gomelsky, M.; Lang, A. S. Cyclic Di-GMP-

Mediated Regulation of Gene Transfer and Motility in Rhodobacter Capsulatus. J 

Bacteriol 2020, 202 (2). https://doi.org/10.1128/JB.00554-19. 

In this published article, I contributed HPLC quantification of the bacterial secondary 

messenger: cyclic-diguanylate (c-di-GMP). I adapted a previously reported analytical 

method for suitability with the samples analyzed and carried out all HPLC experiments 

and data analysis. I wrote the methods portions of the manuscript pertaining to the HPLC 

analysis and provided critical analysis of the results pertaining to the HPLC quantification 

to the first and last authors. 

 

Shahhoseini, F.; Langille, E. A.; Azizi, A.; Bottaro, C. S. Thin Film Molecularly 

Imprinted Polymer (TF-MIP), a Selective and Single-Use Extraction Device for High-

Throughput Analysis of Biological Samples. Analyst 2021, 146 (10), 3157–3168. 

https://doi.org/10.1039/D0AN02228D. 

In this published article, I contributed synthesis of a pseudo-TCA template. I aided the 

first author in experimental work and contributed experiential knowledge about working 

with biological matrices.  
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Azizi, A.; Shahhoseini, F.; Langille, E. A.; Akhoondi, R.; Bottaro, C. S. Micro-Gel Thin 

Film Molecularly Imprinted Polymer Coating for Extraction of Organophosphorus 

Pesticides from Water and Beverage Samples. Analytica Chimica Acta 2021, 1187, 

339135. https://doi.org/10.1016/j.aca.2021.339135. 

In this published article, I contributed synthesis of a pseudo-OPP template. I aided the 

first author in experimental work and significantly contributed to the development of the 

MIP mesh format, including spraying, curing, and cutting method development. I also 

assisted the first author by carrying out GC-MS work using the MIP mesh, in addition to 

assisting with laboratory experiments using the mesh.  

 

Aliasghar, G.; Shahhoseini, F.; Bottaro, C.; Langille, E. Porous Sorptive Solid Phase 

Microextraction Devices and Preparation Thereof. 24519-P61029US00, March 4, 2021. 

In this patent application, I contributed equally with all co-authors to develop porous 

extraction devices for a wide variety of analytes and applications, as exemplified by this 

thesis work. We present a number of innovative advances including spraying the polymer 

component solutions onto sheets or mesh, cutting extraction devices from sheets of fabric, 

metal or other materials using a number of tools including waterjet cutting and craft 

cutters.  
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Appendix 2: A novel use of catalytic zinc-hydroxyapatite 

columns for the selective deprotection of N-tert-

butyloxycarbonyl (BOC) protecting group using flow 

chemistry 

Introduction 

 In a recent review about the reactions used in the pharmaceutical industry, 

Roughley and Jordan reported that most popular protecting group for the amine functional 

group is the tert-butoxycarbonyl (BOC) [205]. Thus, there is a demand for faster, greener, 

easily scalable and cleaner flow processes to remove the BOC protecting group. The main 

approach using flow chemistry to date for BOC deprotection is high temperature reactions 

between 220-300oC using a plug flow reactor (PFR) system [206–208]. We present an 

improved method of BOC deprotection utilizing a zinc-hydroxyapatite (Zn-HAP) 

catalytic column in a custom built PFR system. 

Solid supported catalysis in flow has been previously employed for several classes 

of reactions, but has not yet been reported for BOC deprotection [209,210]. The solid 

supported deprotection of BOC has been reported using a kaolinic clay material however 

no discussion over mechanism has been reported [211].  It is well known that zinc 

bromide has been used as a catalyst for the mild deprotection of BOC [212,213]. We first 

employed these conditions for a substrate that was not tolerating traditional TFA 

deprotection. The yield was still unsatisfactory, and we proposed that if we could find a 

way to solid support the zinc and conduct the reaction at elevated pressure and 
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temperature, then we may increase the yield, especially for sensitive substrates. During a 

literature review, an article from Tahir et al. described the use of a solid supported zinc 

catalyst on hydroxyapatite [214].  

In this article, Tahir and coworkers used Zn-HAP as a catalyst to perform a 

Michael addition in a flask [214]. We have used the same preparation protocol for Zn-

HAP as Tahir but have packed the solid supported zinc catalyst into a stainless-steel 

column. Using a GC oven, an HPLC pump, and backpressure regulator, we built a custom 

PFR system with maximum operating conditions of 4500 PSI and 350oC (Figure A2.1). 

This low-cost alternative to commercial flow chemistry systems allows for a more 

economical way to use such technology.  
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Figure A2.1. Photograph of custom-built plug flow reactor (PFR) system. A: solvent 

pump, B: automated injector, C: packed Zn-HAP column, D: backpressure regulator.  

 

In contrast to current work at Pfizer and AbbVie, we employ milder conditions 

under Zn-HAP catalysis of 150oC with a 30-minute residence time. Because of the lower 

oven temperature, safety concerns when using acetonitrile are reduced and thus it can be 

used in this work. This avoids any solubility issues reported by other groups, as well as 
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allows for better scalability due to the commonality of acetonitrile in comparison to other, 

more exotic reported solvents [208].  

 

Results and Discussion 

A successful method of using a catalytic solid supported zinc column has been 

demonstrated for the selective deprotection of the BOC protecting group. Nineteen 

compounds with varying functional groups were tested and demonstrated the wide 

applicability of this catalytic column for BOC deprotection (Table A2.2). Firstly, we can 

see that our methodology works for both aromatic amines (entry 1, 4, 15 and 17) and for 

aliphatic amines (entry 2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 16, 18 and 19). Esters are 

compatible with the reaction conditions (entry 1, 4, 5, 9, 10, 14, 16, 17, 18 and 19). In 

every example, no products resulting from the degradation of the esters were observed. 

Out of the 19 compounds tested, 10 compounds had a yield greater than 90%. The FMOC 

and BOC protecting groups are widely used in peptide synthesis, thus it was of great 

importance to develop conditions that would successfully remove the BOC protecting 

group while leaving the FMOC unreacted [205]. The stability of the 

fluorenylmethyloxycarbonyl (FMOC) protecting group was assessed (entry 4, 5, 17 and 

19) and it was demonstrated that FMOC was well tolerated under the variety of 

conditions; all four entries were recovered with a yield ≥95%. The N-carbobenzyloxy 

(CBz) protecting group was assessed (entry 14) and demonstrated a high stability under 

the selected reaction conditions, with a yield of 93%. The tert-butyl dimethyl silyl 

(TBDMS) ether was assessed (entry 12) and was also stable under the tested conditions.  
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Since the BOC protecting group is used in peptide chemistry, we wanted to 

confirm that amines and amides were compatible with the reaction conditions. It was 

tested with a free amine (entry 6) and an amide (entry 7), both of which gave the desired 

products after the reaction. We also assessed the suitability of BOC protected dipeptides 

under the selected reaction conditions (entries 13 and 16). Yields over 75% were obtained 

for both dipeptides. 

Three other functional groups were tested with success, free alcohols (entries 2 

and 8), ketone (entries 3 and 15) and nitro (entries 10 and 11). The only incompatible 

functional group that we tested is the carboxylic acid on entry 11. This may be explained 

by the basic nature of hydroxyapatite. Free carboxylic acid compounds such as N-

protected amino acids, may precipitate from the solvent and remain on the column. As a 

result, no desired product nor starting material were recovered. This is not the case for all 

carboxylic acids, as entries 13, 16, 17 and 19 were recovered in high yield. This would 

lead us to postulate that it was this specific example which was not well tolerated in this 

study.  

Compound 1a was used as a model compound in order to study the effect of 

residence time and temperature on the reaction. A number of experiments were carried 

out to optimize temperature, residence time and pressure to determine the optimal 

conditions for our system. It was determined that 30 mins and 150 °C at 3000 PSI is the 

optimal condition for BOC deprotection. At temperatures over 200 °C cleavage of the 

methyl ester was observed for 1. 200 °C was chosen for the kinetic study as model 

compound 1 was the first compound investigated and was very tolerant to heating (Figure 
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A2.2). With smaller follow-up experiments on other examples that are less thermally 

stable, we determined that 150 °C is still converting efficiently while not destroying the 

majority of tested substrates.  

 

Figure A2.2. Kinetic study of compound 1 at 200 °C in the PFR.  

 

To compare the efficiency of the flow system versus a flask reaction, compound 1 

was also subjected to deprotection under various conditions in a flask (Table A2.1).  
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Table A2.1. Deprotection of compound 1a in a flask 

Entry Solvent  Reagent  Treatment and time Yield  

F1 Acetonitrile TFA (1%) Reflux, 45 mins  15% 

F2 Dichloromethane TFA (1%) Reflux, 45 mins 8% 

F3 Acetonitrile  TFA (1%) Reflux, 24 hours 30% 

F4 Dichloromethane TFA (1%) Reflux, 24 hours 37% 

F5 Dichloromethane Zinc Bromide 

(cat.) 

Reflux, 48 hours 25% 

F6 Dichloromethane HAP (no Zn) Reflux, 48 hours 0%* 

F7 Acetonitrile Empty column Flow, 30 mins, 150oC 2%† 

* This reaction was carried out to see if the HAP alone could catalyze the reaction. We 

did not see any conversion with HAP as the catalyst.  

† This reaction was carried out to determine the amount of conversion due to thermal 

decomposition.  

 

The results of Table A2.1 support the need for a more efficient method for the 

cleavage of the BOC protecting group. The flask reactions were not as clean when 

compared to a flow reaction. Typically, more than 3 peaks with an area of more than 5% 

were observed in the reaction products. The cleavage of the methyl ester was detected in 

several of the flask reactions and, in contrast, was only detected during prolonged heating 

of the compound at 200 °C in the PFR. The result of the zinc bromide flask reaction 

(entry F5) demonstrates that zinc bromide alone cannot convert these substrates in a 
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timely manner. In addition, HAP with no zinc did not yield any conversion (entry F6). 

This example demonstrates that the conversion is due to the zinc in the HAP rather than 

the HAP having a catalytic behaviour for this conversion. Compound 1a was also passed 

through an empty column to determine the amount of conversion due to thermal 

decomposition (entry F7). About 2% of compound 1a was converted to 1b under the 

standard conditions.  

 

Table A2.2. Deprotection of N-Boc protected amines using the Zn-HAP column 

Structures and yields for the conversion of 19 N-Boc protected amines in flow in ACN at 

150 °C for 30 minutes.  

Entry Starting Material (BOC 

protected) 

Desired product (BOC 

deprotected) 

Yield of 

desired 

product by 

HPLC* 

1 

 

Compound 1a 

Compound 1b  

93% 
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Table A2.2. Deprotection of N-Boc protected amines (continued) 

2 

 

Compound 2a 

 

 

 

 

Compound 2b 

97% 

3 

 

Compound 3a 

Compound 3b  

95% 

4 

 

Compound 4a 
 

Compound 4b 

98% 

5 

 

Compound 5a 

 

Compound 5b 

95% 
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Table A2.2. Deprotection of N-Boc protected amines (continued) 

6 

 

Compound 6a 

 

Compound 6b 

98% 

7 

 

Compound 7a 

 

Compound 7b 

70% 

8 

 

Compound 8a 

 

Compound 8b 

74% 

 



 

 

216 

Table A2.2. Deprotection of N-Boc protected amines (continued) 

9 

 

Compound 9a 

 

Compound 9b 

82% 

10 

 

Compound 10a 

 

 

Compound 10b 

51% 

11 

 

Compond 11a 

 

Compound 11b 

0% 

12 

 

Compond 12a 

 

Compond 12b 

78% 

 



 

 

217 

Table A2.2. Deprotection of N-Boc protected amines (continued) 

13 

 

Compond 13a 

 

Compond 13b 

75% 

14 

 

Compond 14a 

 

Compond 14b 

93% 

15 

 

Compond 15a 

 

Compond 15b 

87% 

16 

 

Compond 16a 

 

 

 

Compond 16b 

86% 
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Table A2.2. Deprotection of N-Boc protected amines (continued) 

17 

 

Compond 17a 

 

Compond 17b 

95% 

18 

 

Compond 18a 

 

Compond 18b 

96% 

19 

 

Compond 19a 

 

Compond 19b 

95%† 

 

*Purity obtained is the percent area of the product compared to all other products present, 

including the unconverted starting material. Peak mass was confirmed using LC-MS/MS.  

† Of the 95% yield, 100% of the detected product was enantiomerically pure (100% L) by 

chiral MEKC.  
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 Overall these results demonstrate the benefit of using a catalyzed cleavage of the 

BOC protecting group in flow. Various functional groups are tolerated under the 

operating conditions of our PFR setup and the mild thermal conditions allow for a more 

selective deprotection of the BOC protecting group. The column and flow system are 

scalable and thus can be used in production processes. We have also demonstrated that no 

racemization is detected when testing enantiopure substrates. 

Experimental 

General Methods 

All chemicals and reagents were purchased from Sigma-Aldrich (Oakville, ON, 

Canada) and were of reagent grade or higher and were used without further purification 

unless otherwise noted. HPLC solvents were purchased from VWR Int. (Mississauga, 

ON, Canada). Ultrapure water was made in-house using a Millipore Milli-Q water system 

(Resistivity ≥ 18.2 MΩ cm-1).  

 1H NMR spectra were recorded at 400 MHz and 500 MHz (Bruker Spectrospin 

400 and Bruker AVANCE 500, respectively) in CDCl3 with Me4Si as the internal 

standard. Analytical HPLC was carried out on an Agilent Technologies 1100 system 

equipped with a Hichrom Genesis AQ 4 um C18 150 × 4.6mm column. Detection was a 

diode array detector monitoring both 214 and 254 nm. LC-MS was performed on a 

Waters Acquity H-Class UPLC system with a Waters Xevo TQ-S mass spectrometer 

under the same chromatographic conditions as the UV detection (Table A2.3), using an 

ESI source in positive ionization mode. The mass spectrometer was operated in selected 

reaction monitoring (SRM) mode. The internal software “IntelliStart” was used to 
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optimize the collision parameters and select stable transitions. Exact mass measurements 

were performed on an Agilent Technologies 6230 TOF MS coupled to an Agilent 

Technologies Infinity 1260 HPLC system using flow-injection analysis with both ESI and 

APPI sources. 

 

Table A2.3. Chromatographic parameters for BOC compound separation 

Analytical HPLC- Agilent 1100-VWD 
system  

Column Hichrom Genesis AQ 4µm C18 100Å, 4.6 × 
150 mm 

Solvents A: Acetonitrile  

 B: 0.1% TFA in ddH2O 

Flow Rate 1.00 mL min-1 

Run Time 12 minutes 

Gradient 25%A to 85%A in 10 mins, to 98%A in 
12 mins 

Injection Volume 10 µL 

Detection Wavelength 
214 nm (for peptide bond and nonaromatic 
amino acids), 254 nm (for aromatic amino 

acids) 
 

 

Hydroxyapatite Solid Support Preparation 

Hydroxyapatite was prepared according to Tahir et al. 2006 [214]. In brief, 250 mL 

of a solution of 7.92 g diammonium phosphate ((NH4)2PO4) and 70 mL conc. (14.8 M) 

ammonium hydroxide (NH4OH) were added dropwise, under nitrogen into a solution of 



 

 

221 

23.6 g calcium nitrate monohydrate (CaNO3•H2O) in 150 mL distilled water with strong 

stirring using an overhead mixer. Once the entire volume was added, a heating mantle was 

placed under the solution and the addition funnel was replaced with a condenser. The 

solution was heated to reflux under a flow of nitrogen for four hours.  

The obtained insoluble hydroxyapatite (HAP) was filtered from the solution using 

a medium porosity glass filter and the residue was washed three times with fresh portions 

of ice-cold distilled water. This residue was transferred to an evaporating dish and placed 

in an oven at 80 °C for 48 hours. The dried residue was then transferred to two 50 mL quartz 

crucibles and placed in a horizontal tube furnace. Nitrogen flowed through the tube for the 

entire calcination process. The furnace was then heated to 850 °C where the material was 

calcined for one hour. The furnace was cooled to RT under nitrogen, and the material was 

transferred to a glass desiccator.  

 

Zinc-Hydroxyapatite 

10.0 g of the dried HAP was transferred to a 100 mL round bottom flask with a stir 

bar. A solution of 2.25 g ZnBr2 in 25 mL distilled water was added and the solution was 

stirred for 2 hours. The solution was filtered off and the residue rinsed with two 10 mL 

portions of distilled water. The residue was transferred to a new evaporating dish and dried 

at 105oC in an oven before packing the column. The material was subjected to both powder 

XRD and FT-IR spectroscopy to confirm the structure (see Figures S1 and S2 in the 

supplementary material). Both characterization techniques confirmed the structure using 

the spectral library for XRD and previous literature for FT-IR [215,216].  
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Zinc-Hydroxyapatite Column 

A 150 mm × 4.6 mm stainless steel HPLC column was dry packed with 1.0 g of the 

Zn-HAP solid-supported catalyst. The column was then placed in the reaction oven, where 

a flow of acetonitrile at 1.00 mL min-1 rinsed the material and packed the column to a 

pressure of about 200 PSI. The heat was increased in the oven to 105 °C to drive out any 

excess water before executing reactions. 

 

Example Deprotection Protocol 

The deprotection reactions were performed on scales ranging from 10 – 100 mg of 

the starting BOC protected amines. Here is a representative procedure of the deprotection: 

a 10 mg load of a BOC protected amino compound was dissolved in 100 µL acetonitrile 

and loaded in the sample loop (100 µL). The compound was injected and subsequently 

loaded onto the column at a flow rate of 1 mL min-1. 1 mL was measured at the output using 

a graduated cylinder to ensure loading of the compound on the column before the 

backpressure regulator was closed to restrict the flow to about 0.1 mL min-1 for the duration 

of the reaction. This change in setting increased the pressure in the column to a final 

operating pressure of 3000 PSI. Fractions were collected at the output and subjected to 

quantitative and qualitative analysis using HPLC-UV and LC-MS.  

 



 

 

223 

Chiral Separation by Micellar Electrokinetic Chromatography (MEKC) 

A Hewlett Packard CE system was used for separation of enantiomers of FMOC-

Lys-OH (compound 19b) using a modified method from Wan and Blomberg [217]. A 

64.5 cm fused silica capillary with a 75 µm internal diameter was employed. The effective 

length of the capillary to the diode array detector was 56 cm. The capillary was flushed 

with 1M NaOH for one hour, followed by a one-hour flush with background electrolyte 

(BGE). The BGE consisted of a phosphate buffer 50 mM pH 9.5, 50 mM SDS, 15% 2-

propanol v/v and 12 mM 𝛽-cyclodextrin as the chiral selector. Before each run, the capillary 

was flushed for 5 minutes with 0.1 M NaOH in 10% methanol followed by 8 minutes of 

background electrolyte. Injection of samples in distilled water was carried out using a 

pressure of 50 mbar for 3 seconds followed by a plug of BGE at 50 mbar for 5 seconds to 

load the band onto the capillary. Separation was carried out at 25oC, 24 kV and 50	µA. 

Detection was at 254 nm. The D enantiomer migrated first, reaching the detector at 

25.6 mins while the L enantiomer migrated at 25.8 mins. To confirm the identification of 

the desired product, a reaction with enantiopure 19a (99% L) was conducted and the 

product was measured with CE. A single peak was detected. To confirm the identity of this 

peak, the L enantiomer standard of the expected product was spiked into the analysis 

solution. An increase in peak area was observed, confirming that this was the L isomer. 

The D enantiomer was spiked into the same reaction solution leading to two peaks being 

identified. This confirmed that the L enantiomer was the major product maintained during 

the reaction (no D was detected in the original solution).  
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Preparation of the precursors 

methyl 4-[(tert-butyloxycarbonyl)amino]-3-methylbenzoate 1a 

3.00 g methyl 4-amino-3-methylbenzoate (1 eq, 0.018 mol) was added to a 250 mL 

round bottom flask with a stir bar and 15 mL THF. 5.04 g (3.0 eq) NaHCO3 was then added 

and the solution was cooled in an ice bath for ten minutes. 4.75 g (1.2 eq, 0.022 mol) di-

tert-butyl dicarbonate (BOC2O) were then added. The reaction mixture was stirred 

overnight then was extracted twice with 100 mL portions of diethyl ether and then the 

aqueous phase was acidified to a pH of 4-5 with half-saturated citric acid solution. The 

resulting acidified phase was extracted twice with 100 mL portions of DCM. The combined 

organic phases were washed once with brine, dried over anhydrous magnesium sulfate, 

filtered and concentrated under reduced pressure yielding 1a, as an off-white solid (4.56 g 

/95%). High- and low-resolution MS and NMR were used to verify the exact mass and 

structure of the prepared product. 1H NMR spectrum, (400MHz, CDCl3): 𝛿, 𝑝𝑝𝑚 (J, Hz): 

7.8 (2H), 6.7 (1H), 3.9 (3H), 2.2 (3H) 1.6 (9H). MS (ESI) m/z calculated for 

[C14H19NO4]+: 265.13141[M+H]+; found: 265.13134; 𝛿 = −0.26	𝑝𝑝𝑚 

 

Nα-Fmoc-N(in)-Boc-L-tryptophan methyl ester 4a 

526 mg (1.0 mmol) of FMOC-BOC-Trp-OH was dissolved in 4 mL a 1:1 mixture 

of methanol and dichloromethane. TMS-diazomethane (1.25 mmol, 2 M in Hexane, 

0.63 mL) was added dropwise until a faint yellow color persisted in the solution. The 

solution was left to stir for 30 minutes at room temperature before being quenched with 
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100 µL of glacial acetic acid. The solvent was evaporated under reduced pressure and the 

residue was partitioned between ethyl acetate and water. The aqueous phase was 

extracted three times with ethyl acetate and the combined organic phases were dried with 

anhydrous magnesium sulfate, filtered and concentrated under reduced pressure.  

High- and low-resolution MS and NMR were used to verify the exact mass and 

structure of the prepared product. 1H NMR spectrum (500 MHz, Chloroform-d) δ 8.12 (d, 

J = 7.1 Hz, 1H), 7.76 (d, J = 7.5 Hz, 2H), 7.58 – 7.48 (m, 3H), 7.44 – 7.36 (m, 3H), 7.36 – 

7.19 (m, 4H), 5.42 – 5.37 (m, 1H), 4.76 (q, J = 6.7, 6.3 Hz, 1H), 4.43 – 4.32 (m, 2H), 4.21 

(t, J = 7.3 Hz, 1H), 3.71 (s, 3H), 3.49 (s, 1H), 3.27 (t, J = 5.7 Hz, 2H), 1.65 (s, 9H). MS 

(ESI) m/z calculated for [C32H32N2O6]+:540.22604 [M+H]+; found: 540.2273 ; 𝛿 =

2.34	𝑝𝑝𝑚 

 

Fmoc-L-tryptophan methyl ester 4b 

426 mg (1.0 mmol) FMOC-Trp-OH was dissolved in 4 mL of a 1:1 mixture of 

methanol and dichloromethane. TMS-diazomethane (1.25 mmol, 2 M in Hexane, 0.63 

mL) was added dropwise until a faint yellow color persisted in the solution. The solution 

was left to stir for 30 minutes at room temperature before being quenched with 100 µL of 

glacial acetic acid. The solvent was evaporated under reduced pressure and the residue 

was partitioned between ethyl acetate and water. The aqueous phase was extracted three 

times with ethyl acetate and the combined organic phases were dried with anhydrous 

magnesium sulfate, filtered and concentrated under reduced pressure. High- and low-

resolution MS and NMR were used to verify the exact mass and structure of the prepared 
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product. 1H NMR spectrum, (500 MHz, Chloroform-d) δ 8.07 (s, 1H), 7.76 (d, J = 7.6 Hz, 

2H), 7.55 (dd, J = 11.1, 7.8 Hz, 3H), 7.43 – 7.33 (m, 3H), 7.33 – 7.27 (m, 2H), 7.20 (t, J = 

7.4 Hz, 1H), 7.16 – 7.09 (m, 1H), 6.94 (d, J = 2.2 Hz, 1H), 5.35 (d, J = 8.4 Hz, 1H), 4.74 

(dt, J = 8.4, 5.4 Hz, 1H), 4.42 (dd, J = 10.4, 7.3 Hz, 1H), 4.36 (dd, J = 10.7, 6.9 Hz, 1H), 

4.20 (t, J = 7.1 Hz, 1H), 3.69 (s, 3H), 3.33 (d, J = 5.4 Hz, 2H). MS (APPI) m/z calculated 

for [C27H24N2O4]+:440.17361 [M+H]+; found: 440.17444 ; 𝛿 = 1.9	𝑝𝑝𝑚 

 

Nα-Fmoc-N𝜀-Boc-L-lysine methyl ester 5a 

468.54 mg (1.0 mmol) of FMOC-BOC-Lys-OH was dissolved in 4 mL a 1:1 

mixture of methanol and dichloromethane. TMS-diazomethane (1.25 mmol, 2 M in 

Hexane, 0.63 mL) was added dropwise until a faint yellow color persisted in the solution. 

The solution was left to stir for 30 minutes at room temperature before being quenched 

with 100 µL of glacial acetic acid. The solvent was evaporated under reduced pressure 

and the residue was partitioned between ethyl acetate and water. The aqueous phase was 

extracted three times with ethyl acetate and the combined organic phases were dried with 

anhydrous magnesium sulfate, filtered and evaporated under reduced pressure. High- and 

low-resolution MS and NMR were used to verify the exact mass and structure of the 

prepared product. 1H NMR (500 MHz, Chloroform-d) δ 7.74 (d, J = 7.5 Hz, 2H), 7.58 

(dd, J = 7.7, 3.7 Hz, 2H), 7.37 (t, J = 7.5 Hz, 2H), 7.29 (tt, J = 7.4, 1.4 Hz, 2H), 5.37 (d, J 

= 8.2 Hz, 1H), 4.54 (s, 1H), 4.48 (s, 0H), 4.37 (ddd, J = 18.4, 9.1, 4.3 Hz, 3H), 4.20 (t, J = 

7.0 Hz, 1H), 3.72 (s, 3H), 3.09 (q, J = 7.0, 6.6 Hz, 2H), 1.83 (ddt, J = 15.2, 10.5, 5.4 Hz, 
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1H), 1.48 (t, J = 7.1 Hz, 2H), 1.41 (s, 9H), 1.37 – 1.29 (m, 2H). MS (ESI) m/z calculated 

for [C27H34N2O6]+: [M+Na]+;505.23091 found:505.22997; 𝛿 = −1.94	𝑝𝑝𝑚 

 

Fmoc-L-lysine methyl ester 5b 

404.89 mg (1.0 mmol) of FMOC-Lys-OH was dissolved in 4 mL of a 1:1 mixture 

of methanol and dichloromethane. TMS-diazomethane (1.25 mmol, 2 M in Hexane, 

0.63 mL) was added dropwise until a faint yellow color persisted in the solution. The 

solution was left to stir for 30 minutes at room temperature before being quenched with 

100 µL of glacial acetic acid. The solvent was evaporated under reduced pressure and the 

residue was partitioned between ethyl acetate and water. The aqueous phase was 

extracted three times with ethyl acetate and the combined organic phases were dried with 

anhydrous magnesium sulfate, filtered and evaporated under reduced pressure. High- and 

low-resolution MS and NMR were used to verify the exact mass and structure of the 

prepared product. 1H NMR spectrum, (400MHz, CDCl3): 𝛿, 𝑝𝑝𝑚 (J, Hz): 7.8 (2H), 6.7 

(1H), 3.9 (3H), 2.2 (3H) 1.6 (9H). MS (ESI) m/z calculated for 

[C22H26N2O4]+:382.18926 [M+H]+; found: 382.19043 ; 𝛿 = 3.07	𝑝𝑝𝑚 

 

BOC-L-tert-leucine methyl ester 8a 

1.0 g (5.5 mmol) of L-tert-leucine methyl ester hydrochloride was added to a 250 

mL round bottom flask with a stir bar and 100 mL of a 1:1 mixture of THF and H2O. 

2.52 g (3.0 eq) of NaHCO3 was then added, and the solution was cooled in an ice bath for 

ten minutes. 1.44 g di-tert-butyl dicarbonate (BOC2O, 1.2 eq) was then added. The 
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reaction mixture was extracted twice with 100 mL portions of diethyl ether and then the 

aqueous layer was acidified to a pH of 4-5 with half-saturated citric acid solution. The 

resulting acidified phase was extracted twice with 100mL portions of DCM. The 

combined organic phases were washed once with brine, dried over anhydrous magnesium 

sulfate and the solvent was evaporated under reduced pressure yielding 8, as an off-white 

solid (1.0 g / 74%) High- and low-resolution MS and NMR were used to verify the exact 

mass and structure of the prepared product. (1H NMR spectrum, (400MHz, CDCl3): 

𝛿, 𝑝𝑝𝑚 (J, Hz): 5.05 (1H), 3.8 (1H), 1.5 (9H) MS (ESI) m/z calculated for 

[C12H23NO4]+:245.16271 [M+H]+; found: 245.16383 ; 𝛿 = 4.58	𝑝𝑝𝑚 

 (2S)‐2‐{[(tert‐butoxy)carbonyl]amino}‐3‐(2‐nitrophenyl)propanoic acid 10b 

2.1 g 2-Nitrophenylalanine (1 eq, 10 mmol) was added to a 250 mL round bottom 

flask with a stir bar and 100 mL of a 1:1 mixture of THF and H2O was added. 2.52 g (3.0 

eq) of NaHCO3 was then added, and the solution was cooled in an ice bath for ten minutes. 

2.62 g di-tert-butyl dicarbonate (BOC2O, 1.2 eq) was then added. The reaction mixture was 

extracted twice with 100 mL portions of diethyl ether and then acidified to a pH of 4-5 with 

half-saturated citric acid solution. The resulting acidified phase was extracted twice with 

100 mL portions of DCM. The combined organic phase was washed once with brine, dried 

over anhydrous magnesium sulfate and the solvent was evaporated under reduced pressure 

yielding 10b, as a yellow oil (3.05 g /98 %) High- and low-resolution MS and NMR were 

used to verify the exact mass and structure of the prepared product.1H NMR spectrum, 

(400MHz, CDCl3): 𝛿, 𝑝𝑝𝑚 (J, Hz): 8.2 (2H), 7.4 (2H), 3.8 (1H), 1.6 (3H) and 1.3 (9H)  
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Methyl (2S)‐2‐{[(tert‐butoxy)carbonyl]amino}‐3‐(2‐nitrophenyl)propanoate 10a 

310 mg (1.0 mmol) (2S)‐2‐{[(tert‐butoxy)carbonyl]amino}‐3‐(2‐

nitrophenyl)propanoic acid 10b was added to a 10 mL RBF equipped with a stir bar 

followed by 5 mL DMF and 318 mg Na2CO3 (3 eq, 3.0 mmol). After stirring at room 

temperature for 30 mins, 187 µL of MeI (3 eq, 3.0 mmol) was added and the mixture was 

stirred at room temperature overnight. The solvent was evaporated under reduced pressure 

at 35oCelsius and then the residue was partitioned between 50 mL ethyl acetate and 50 mL 

water. The aqueous phase was extracted thrice with ethyl acetate and the combined organic 

phases were washed with water (50 mL) followed by three 50 mL washes of 5% Na2S2O3 

solution. Finally, the organic phase was washed with brine and dried over anhydrous 

magnesium sulfate. The solvent was evaporated under reduced pressure yielding 10a as an 

off-white dry powder (300 mg, 93%). High- and low-resolution MS and NMR were used 

to verify the exact mass and structure of the prepared product.1H NMR spectrum (500 MHz, 

Chloroform-d) δ 8.19 – 8.13 (m, 2H), 7.34 – 7.29 (m, 2H), 5.05 (d, J = 8.0 Hz, 1H), 4.64 

(d, J = 7.2 Hz, 1H), 3.74 (s, 3H), 3.27 (dd, J = 13.7, 5.6 Hz, 1H), 3.12 (dd, J = 14.1, 6.4 Hz, 

1H), 1.41 (s, 9H). MS (ESI) m/z calculated for [C15H20N2O6]+:324.13214 [M+H]+; 

found: 324.1321 ; 𝛿 = −0.12	𝑝𝑝𝑚 

tert‐butyl N‐{3‐[(tert‐butyldimethylsilyl)oxy]propyl}carbamate 12a 

2.00 g (11.0 mmol) N-Boc-3-amino-1-propanol was added to a 100 mL round 

bottom flask equipped with a stir bar followed by 5 mL DCM, 2.25 g imidazole (3 eq) and 

5.58g iodine (2eq). Then, 12.5 mL (1.1 eq) of tert-butyldimethylsilyl chloride (TBDMSCl) 
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was added dropwise over 30 minutes. After stirring at room temperature for 6 hours, the 

solvent was evaporated under reduced pressure at 35oC and then the residue was partitioned 

between 50 mL ethyl acetate and 50 mL water. The aqueous phase was extracted thrice 

with ethyl acetate and the combined organic phases were washed with water (50 mL). 

Finally, the organic phase was washed with brine and dried over anhydrous magnesium 

sulfate. The solvent was evaporated under reduced pressure yielding 12a as a pale-yellow 

oil (3.0 g, 94%). High- and low-resolution MS were used to verify the exact mass and 

structure of the prepared product. MS (ESI) m/z calculated for 

[C14H31NO3Si]+:289.20732 [M+H]+; found: 289.20749 ; 𝛿 = 0.6	𝑝𝑝𝑚 

(2S)‐2‐(3‐{[(tert‐butoxy)carbonyl]amino}propanamido)‐3‐(1H‐imidazol‐5‐yl)propanoic 

acid 13a 

2.00 g 𝛽 −alanyl-L-histidine (1 eq, 8.8 mmol) was added to a 100 mL round bottom 

flask with a stir bar and 40 mL ACN. 1.00 g (1.0 eq, 8 mmol) DMAP was then added. 

2.88 g (1.6 eq, 13 mmol) di-tert-butyl dicarbonate (BOC2O) were then added. The reaction 

mixture was stirred overnight then was evaporated to dryness under reduced pressure. The 

residue was partitioned between ethyl acetate and water. The aqueous phase was extracted 

three times with ethyl acetate. The combined organic phases were washed once with brine, 

dried over anhydrous magnesium sulfate, filtered and concentrated under reduced pressure 

yielding 13a, as an off-white solid (1.31 g /46 %). High- and low-resolution MS were used 

to verify the exact mass of the prepared product. MS (ESI) m/z calculated for 

[C14H22N4O5]+: 326.15902 [M+H]+; found: 326.15916 ; 𝛿 = 0.43	𝑝𝑝𝑚 
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tert‐butyl 3‐({[(benzyloxy)carbonyl]amino}methyl)piperidine‐1‐carboxylate 14a  

A mass of 431 mg (2 mmol) tert‐butyl 3‐(aminomethyl)piperidine‐1‐carboxylate 6a 

was dissolved in 20 mL THF and 9 mL 2M NaOH in a 50 mL round bottom flask. Benzyl 

chloroformate (0.416 g, 1.2 eq) was then added dropwise. The reaction mixture was stirred 

overnight under nitrogen. The crude mixture was then dried under reduced pressure and the 

residue was partitioned between water and ethyl acetate. The aqueous phase was extracted 

three times with ethyl acetate. The combined organic phases were washed once with brine, 

dried over anhydrous magnesium sulfate, filtered and concentrated under reduced pressure 

yielding 14a, as a clear oil (0.7 g / 100%). High- and low-resolution MS were used to verify 

the exact mass of the prepared product. MS (ESI) m/z calculated for [C19H28N2O4]+: 

348.20491 [M+H]+; found: 348.20329 ; 𝛿 = 4.66	𝑝𝑝𝑚 

(3S)‐3‐{[(tert‐butoxy)carbonyl]amino}‐3‐{[(2S)‐1‐methoxy‐1‐oxo‐3‐phenylpropan‐

2yl]carbamoyl}propanoic acid 16a  

3.00 g aspartame	(1 eq, 10 mmol) was added to a 100 mL round bottom flask with 

a stir bar and 50 mL ACN. 1.25 g (1.0 eq, 10 mmol) DMAP was then added. 3.27 g (1.5 eq, 

15 mmol) di-tert-butyl dicarbonate (BOC2O) were then added. The reaction mixture was 

stirred overnight then was evaporated to dryness under reduced pressure. The residue was 

partitioned between ethyl acetate and water. The aqueous phase was extracted three times 

with ethyl acetate. The combined organic phases were washed once with brine, dried over 

anhydrous magnesium sulfate, filtered and concentrated under reduced pressure yielding 

16a, as an off-white solid (1.17 g / 30 %). Low-resolution MS was used to verify the mass. 
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MS (ESI) m/z calculated for [C19H26N2O7]+: 394.42 [M+H]+; found: 394.42.  

 


