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Abstract

Upon entering the body, any given xenobiotic can undergo metabolism which
facilitates its excretion from the body. When metabolised, a compound typically has
the same effects of the initial drug/nutraceutical, however this is not always the case
and can significantly differ. The determination of these beneficial and toxicological
effects is vital to allow for effective drug development and to increase current
knowledge of nutraceuticals. This is because contradictory knowledge of their
pharmacological effects is often found. Currently there is no method available that
allows for the synthesis of these compounds in useable quantities (mg). This study
aimed to provide a method that can be used to simply synthesise these metabolic

products in sufficient amounts for further testing.

Three different enzymes families (UGT1al, SULT1al and CYP1al) were immobilised
via a silanization followed by a glutaraldehyde functionalization and tested. These
were compared to a variety of different controls being excluding co-factor or enzyme
from the system or immobilising an alternative unreactive enzyme towards the
substrate. In each of the chapters it was determined that metabolite formation was
only observed when both the correct enzyme and co-factor was available within the
system. The true run for each enzyme was optimised at two different parameters: flow
rate and temperature. For all three of the enzymes used the optimal temperature

depicted in their recommended instructions was 37 °C.

The UDP-glucuronosyl transferase immobilised device showed no significant

difference at any of the three tested flow rates. However, temperature showed a



significant difference oppositely to expected in which 37 °C yielded almost no product
at all (97.9 = 38.5 M substrate remaining), and both room temperature and 30 °C

yielded significant conversion (11.0 + 8.0 uM and 0.0 + 0.0 uM remaining respectively).

The Sulfotransferase immobilised device also showed no significant difference
between any of the three tested flow rates. Temperature also yielded the contrary
results to that which was expected and almost no product at all was formed (81.3 £
21.8 uM substrate remaining) and both room temperature and 30 °C yielded significant

conversion (92.9 £ 7.2 and 92.2 + 10.2 uM remaining respectively).

The cytochrome P450 based device showed no significant difference between any of
the three tested flow rates, the further parameters were not tested due to fluorescence

interference issues and further testing is needed.

The UGT and SULT devices were then compared to directly incubating both the
substrate and co-factor with the enzyme. A 2-hour period for both methods yielded
comparable results (0.22 ng in static conditions and 0.24 ng in flow conditions) but the
formation of a complex biological matrix is not formed. Alongside this allowing the
reaction to occur over a longer period of time (4 hours) the immobilised enzyme reactor
continued to yield product in which the incubation method plateaued; leading to
significantly higher metabolite formation (0.2 ng in static conditions and 0.47 ng in
batch conditions). This data was not observed in the case of the CYP device due to a
fluorescence interference observed in the effluent of the device preventing comparable

measurements.



With further optimisation or scaling up of these devices they will likely be viable for the
synthesis of sufficient quantities of metabolite to allow for pharmacological testing, with
an improvement on the currently available methods by bypassing the necessary

complex separation, high costs and commonly observed low yields.
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1. Motivation and State of the art

When a xenobiotic enters the human body it typically undergoes metabolism via
enzymatic catalysis. There are two types of metabolism: phase | which involves the
formation of reactive groups; and phase Il which conjugates a hydrophilic compound
to either the newly formed reactive site provided by phase | or via one of the already
available sites. This metabolism typically does not have a large effect on a compound’s
pharmacological effect. However, this is not always the case and some can
significantly differ from the original parent compound. In 2008 the US Food and Drug
Administration (FDA) implemented the study of metabolites alongside the parent
compound when developing a drug compound known as metabolites in safety testing
(MIST). This has led to a shift in the focus of metabolic studies from the previously
used radio chromatography for metabolite determination to high resolution mass
spectrometry (HRMS).

Currently the study of a metabolite is only undertaken if it is found at a 10% higher
concentration than those found in animal studies.! However, due to the infrequent
large differences between a parent compound and its metabolite, it is likely that these
rules will become even stricter and metabolic studies will potentially be required to
take any compound to human testing and/or pharmacological use. Currently there is
no single method that allows for the synthesis of a naturally forming metabolite in bulk
and available synthesis methods come with their own deficits and downfalls. These
typically suffer from extremely low yields and the necessity of an extremely complex
separation of a single compound from similar isomer, or the original parent compound

from within a biological matrix in which there is also not a universal method. The



studies on these metabolites have focussed on their rate of formation and
concentrations within the body and no methods appear to be focusing on the synthesis
of these compounds in large quantities. This is likely due to the FDA guidelines. Once
these become stricter, another shift will (likely) occur, leading to the development of
methods to form the needed quantities. Due to this there is currently a gap in the field
in which no methods are synthesising large quantities of these products, preventing
the metabolites from being widely available for pharmacological studies. The aim of
this thesis is to develop a method that allows for the synthesis of these needed
guantities to allow for a wide variety of studies to undergo both on the original parent

compound and their metabolites, both independently and within a mixture.

1.1.1. Drug metabolism

Based on cellular studies, many drug candidates do not yield the expected therapeutic
effects in humans in vivo due to either inactivation or further activation via
biotransformation.? This biotransformation naturally occurs in living organisms to
facilitate the excretion of both exogenous and endogenous substances.? For a drug to
yield any beneficial or toxicological effect it must be absorbed and distributed across
various biological barriers at clinically relevant levels, before binding or interacting with
a biological target.* This can lead to either target activation, inducing a response, or
inactivation, preventing a response.® If a compound is hydrophilic, itis readily excreted
via sweat, bile, faeces, and urine before reaching its biological target.® Whereas, if a
compound is lipophilic, it typically penetrates the lipid bilayer of cellular membranes
and can also be stored in fat tissues until metabolised. Due to this, typically lipophilic
compounds are necessary for effective drug development, by allowing the compound

2



to be absorbed and distributed to the target organ/receptor prior to excretion,’ resulting
in the desired biological effects. Upon entering the liver, drugs are metabolised via
biological catalysts (enzymes) naturally formed within living organisms.? Drug-
metabolising enzymes are split into two groups, one of which involves revealing
functional groups via reactions such as oxidation, reduction and hydrolysis and the
latter facilitating conjugation of hydrophilic moieties such as glucuronic acid, sulfate
and glutathione, leading to a more water-soluble compound.3 °11 Upon the addition of
these moieties the hydrophilicity of the resulting product largely increases allowing for
excretion via urine or bile.1?

There are a wide variety of drug-metabolism enzymes utilised within the body, the
major being: Cytochrome P450 (CYP), UDP-glucuronosyl transferase (UGT),
Sulfotransferase (SULT) and catechol-o-methyl transferase (COMT). The CYP family
Is predominantly utilised for oxidative and reductive reactions, whilst the UGT, SULT
and COMT are conjugative enzymes (addition of a glucuronide, sulfate and methyl
group respectively).1® 14 Most given enzymes typically facilitate one specific reaction
(an example exception to this rule being CYP, which facilitates multiple under the
category of oxidation and reduction) and each of which is split into families which can
each react differently to specific substrates, or can only conjugate to specific functional
groups.t®> 16 Although this specificity exists there is still a wide amount of overlap
between enzyme isomers (isozymes) and substrates especially with respect to
xenobiotics.1” For example CYP3A4 can metabolise more than 30% of drugs in
addition to a wide variety of endogenous sterioids.® Thus, whilst an enzyme has their
specific substrates there is also cross-selectivity between them meaning the study of

a specific isomer of an enzyme is suitable for the formation of metabolic products that



are seen in vivo, but is not representative for the determination of rates and metabolic

yields frequently observed in human metabolic pathways. 1920

Metabolisms effect on drug pharmacological activity

CYP and UGT catalysed reactions have been much more extensively researched in
comparison to SULT and COMT.?! Figure.1.1 describes the metabolism of a
commonly used drug utilised for pain relief, paracetamol. UGT1al, UGT1a6, UGT1a9
and UGT2B15 all have the ability to facilitate paracetamol metabolism.?? Paracetamol
undergoes both oxidative and conjugative metabolisms separately.?> The most
common metabolite formed is paracetamol glucuronide, accounting for over 50%.
Sulfation accounts for approximately 30% and oxidation 10% (Figure.1.1).24 Although
only AM404 of these metabolites provide the relevant analgesic effects paracetamol
is commonly utilised for, metabolism via UGT and SULT have been shown to facilitate
safe excretion.?? Upon metabolism via CYP the product formed N-acetyl-p-
benzoquinone imine (NAPQI) is theorised to cause hypothermic, antipyretic, hepato-
and nephro-toxic effects which are usually detoxified by the addition of glutathione.?®
25 Excessive taking of paracetamol can deplete the body of available glutathione

groups causing an increase in this toxic metabolite (NAPQI).2®

Typically, upon undergoing metabolism a xenobiotic reduction or complete loss of
pharmacological effects is observed, but this is not always the case and a compound
with higher therapeutic or toxicological effects can be formed. Drugs that require
metabolism to yield their pharmacological effects are known as pro-drugs.?” 28 The
analysis of these products and their effects are of considerable interest to allow for the

effective development and determination of the effects of a potential new drug.?® A

4



method that allows for the synthesis of standard quantities of a single isomer

metabolite is required to allow further studies.30- 31
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Figure.1.1: Reaction scheme of paracetamol through the many different metabolic reactions
undergone within the human body.

The three major enzymes that are known to metabolise paracetamol (CYP, UGT and

metabolites extracted in both urine and blood.32-34

Cytochrome P450s

CYP450 are membrane bound enzymes found within the endoplasmic reticulum,
which metabolise approximately 75% of all commercially available drugs.3® 36 These
heme-containing enzymes primarily function as monooxygenases for fatty acids,
steroids and xenobiotics.®” This family of enzymes utilise molecular oxygen (O-) with

the unused oxygen forming water using available hydrogen atoms.3® CYP mediated
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metabolism requires electrons to facilitate this reduction reaction which is provided by
nicotinamide adenine dinucleotide phosphate (NADPH, the co-factor in this reaction)
and NADP* is formed.*® NADP+ in animals is typically regenerated back into NADPH
via the pentose phosphate pathway utilising glucose-6-phosphate dehydrogenase and

6-phosphoglucuronate dehydrogenase and a different process occurs in plants.*°

UDP-Glucuronosyl transferases

UGT are microsomal enzymes found within the smooth endoplasmic reticulum,
metabolising approximately 15% of FDA approved drugs. UGT mediates the
conjugation of a glucuronic acid (modified sugar group formed in the human body)
group onto available oxygen, nitrogen, sulfur and carbons. CYP450 based reactions
lead to the formation of these groups on a xenobiotic allowing further conjugation. The
glucuronic acid group is provided by a UDP-GA which is formed within cytosol via the
glucose-1-phosphate pathway.*® As mentioned previously typically reactions
facilitated by UGT cause deactivation of a xenobiotic compound however this is not
always the case.*' For example, with morphine two isomers are formed: morphine-3-
glucuronide (M3G) and morphine-6-glucuronide (M6G).*? It has been observed that
M6G provides an even higher analgesic affect than its precursor morphine and M3G

has recently been linked to unwanted side effects or even pain enhancement.*3



Sulfotransferases

SULT is a cytosolic enzyme which facilitates the addition of sulfate (SO%) to the same
groups as UGT (oxygen, nitrogen, sulfur and carbon).#* This enzyme relies on the co-
factor 3'-phosphoadenosine-5'-phosphosulfate (PAPS) to provide the sulfate group
and forms 3', 5'-diphosphoadenosine (PAP) once used within a reaction.*® PAPS is
formed using sulfate obtained from the diet or biodegradation of proteins within the
body and the enzymes adenosine triphosphatase (ATP) sulfurylase and APS kinase

(Figure 1.2).46
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Figure 1.2: Reaction scheme for the formation of PAPS within the human body.
When developing a method focussing on the synthesis it is very important to determine

which initial substrate is being used careful to ensure compatibility between the

enzyme, cofactor and substrate.



1.2. Substrate considerations for enzymatic conversion

For the synthesis of naturally circulating metabolites a test molecule is required thus,
an understanding of compatibility between substrates and an enzymes specific
isoform is vital.*” However, there is a large amount of overlap in isoform cross
compatibility. The majority of which being N- and O- conjugating, and in some cases
C- and S- are also observed.*8 49

The two compounds utilised throughout this thesis (para-nitrophenol and resorufin)
have been frequently investigated within published literature. This is due to their wide
applicability for the majority of conjugative enzymes due to their readily accessible
hydroxyl group that requires no modifications prior to metabolic studies.>°
para-Nitrophenol has been of wide interest for initial metabolic studies due to its
applicability for not only conjugative enzymes but also hydroxylation.5% 52 This allows
for studies that involve multiple enzymes within the respective study to determine an
overall study of rates and yield of multiple isoforms comparable to that which is found
naturally in vivo.5® Alongside this wide applicability an ease of analysis is also
observed, with a Amax of 400 nm at any pH >8 and 315 nm at pH<8, utilising
absorbance-based methods. However, due to developments in mass spectrometry,
by utilising their parent ions it has become viable to quantitively measure conjugative
products too.* When analysed via mass spectrometry, sulfate and glucuronic
conjugated products provide a characteristic loss of 80 and 176 m/z units respectively.
In terms of nitrophenyl sulphate (studied in this thesis), a loss of 218>138 m/z is
observed.®® These characteristic losses allow for a proof of conjugation or
deconjugation and if a calibration curve is created also allow for a quantitative proof of

product formation.



Single enzyme studies commonly utilise resorufin. Resorufin is highly fluorescent at
570 nm Aex and 585 nm Aem, which, similarly to nitrophenol, allows for the ease of
guantitative analysis for a given deconjugation.®® However, when analysing
conjugative products it is important to note that a fluctuation of
fluorescence/absorbance is not always directly proportional to product formation, thus
it is important to confirm the metabolite formed via a second analytical method such
as mass spectrometry.>’ Prior to this secondary analysis there is no clarification of
which metabolic product is formed, which is especially important when conducting
research utilising multi-enzyme systems. If a large amount of product is formed (0.1
mg to g quantities) then other techniques can also be applied for the analysis of
products such as nuclear magnetic resonance (NMR) and X-Ray diffraction.58. 5°

One other important substrate related to resorufin is 7-ethoxyresorufin, in which
resorufin is formed upon undergoing CYP1- mediated oxidative deacetylation.®° The
ethoxyresorufin-O-deethylase (EROD) assay has been of frequent use for the studies
of metabolic products.6* Due to the formation of resorufin, fluorescence analysis is
especially useful in which a highly accurate amount of product formed can be
measured.®? Further to this, if the reaction is undertaken in static/batch conditions
within a plate reader then constant measurements over time can be used to create a
rate of product formation.®3 For the analysis of cascade reactions (multiple enzymes
undergone sequentially) the use of 7-ethoxyresorufin as a substrate is especially
convenient as a measurement of fluorescence increasing (resorufin formation). This
can be measured over time and a sequential loss of fluorescence (potential metabolite
formation) can be measured. Alternatively, following incubation with biological
samples, the resulting reaction products can be assessed for resorufin concentrations

after incubation with deconjugation enzymes (and compared to buffer only
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incubations) to give an assessment of follow-on conjugative reactions. There are a
wide variety of methods that have already been successfully utilised for the synthesis
of metabolic products and thus understanding which test substrates are compatible is

relatively simple.

1.3. Current methods for metabolite synthesis

Due to the current need for the determination of which metabolites are formed in vivo
to further understand their pharmacological properties, a wide variety of methods have
been applied for the formation of metabolites including in silico, traditional organic
synthesis, s9 fractions (extraction from liver homogenate), bacterial expression of

enzymes, liver cell Incubations and liver microsomes.

In silico

Computer simulations (in silico) have largely been used for the determination of
metabolites formed in vivo allowing the researcher to conduct tests on a wide variety
of parameters simultaneously.®* These methods come with very different drawbacks
in comparison to all synthetic methods, due to the time and understanding required to
truly simulate the environment that these metabolic pathways are undergoing.®® The
time for a simulation to take place is mostly affected by the processing power needed
to study the formation of a wide variety of different isomers and different conjugative
pathways, whilst also altering other naturally fluctuating properties such as health
conditions and age/gender effects. Multiple studies have demonstrated the
effectiveness of this techniqgue when comparing the results observed via simulation to

those naturally found in vivo. For example, Huang et al. observed an upper accuracy
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of 0.898 and a lower of 0.835.56 Alongside this Moreira et al conducted a simulative
study on tumour growth in mice yielding inhibition of tumour growth using a
combination of, metformin, METABLOC and diclofenac which was compared to
experimental results providing comparative demonstrating the power of this
technique.®” Whilst this method is powerful for the use of predictive modelling of
metabolites formed, unfortunately no physical product is formed and thus does not
allow for any further testing demonstrating that a synthesis method is required to be

used in conjunction of in silico tests.

Traditional organic synthesis

Traditional organic chemistry approaches have been applied for the synthesis of a
variety of different metabolites.®® These methods have been utilised frequently for the
synthesis of already known metabolites. However previous knowledge of its specific
iIsomer is needed prior to undergoing the synthesis of its specific compound; allowing
these techniques to be utilised better in conjunction with the previous methods which
allow for the determination of these naturally occurring metabolites. A significant
amount of product can be formed via these methods, although protection groups are
necessary due to a drug compounds typically containing reactive groups, such as
amides, alcohols and amines for example.®® Due to this a much more complex
understanding of protecting groups is required. This results in a longer synthesis
pathway and a reduction in yield. It is worth noting that the substrates formed from this
method are typically of lower complexity; it is much more difficult where a substrate
contains multiple reactive functional groups such as polyphenols. This leads to a
challenge where the stereoisomers formed via this method do not match those formed

in vivo from enzymatic reactions.
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S9 fractions

S9 fractions are the supernatant of a centrifuged liver homogenate containing both
cytosolic and microsomal fractions. This allows a much more representative formation
of metabolites than other methods which provide one or the other.1® S9 fractions are
typically used for the determination of metabolites alongside their respective formation
properties i.e., rates and inhibitions whilst considerably reducing costs in comparison
to the other described methods.”® 7' Due to the extensive amount of research
undertaken utilising these fractions their inherent benefits and deficits are well
documented.”? When used, the person from which the s9 fraction was obtained from
makes a significant difference on the metabolites formed.’”3 For example, if the liver
fraction is obtained from a neonate, very little glucuronide substituted products are
formed. This is demonstrated with the products formed upon incubation with a
respective substrate i.e. resorufin may be formed from 7-ethoxyresorufin however
resorufin glucuronide may not be formed provided even with the sufficient amount of
time and respective co-factor, UDP-GA.”* This has been readily solved by forming
mixtures of s9 fractions providing an overall average of enzymes within the body’3.
This method has been thoroughly utilised for the determination of metabolites formed
due to its low cost in comparison to other alternative methods. The major deficit of this
method specifically as a synthetic method is due to its ability to form all of the expected
metabolites within the body. Due to this, usually a mixture of metabolites are formed
and due to their structural similarity can be extremely difficult to separate and form
sufficient amounts for further pharmacological testing.”® 76 Chen et al. utilised s9
fractions within a direct incubation method in which very little metabolite was observed.
However, enough product was formed to allow confirmation of the major metabolite

formed but is not sufficient as a synthetic technique.’’

13



As this method involves incubating the respective substrate directly with the s9
fractions, problems are observed including difficult separations and products inhibiting

enzymatic activity.

Bacterial expression of enzymes

In this method gene expression is induced in bacteria, typically Escherichia coli (E
coli). E coli initially is not viable for a transformation process therefore, a parameter
known as competency must be increased.”® If the bacteria is being heat-shock
transformed the cells are treated with cations or reagents, most commonly calcium
chloride is used; increasing the cell membrane permeability.”® Or if the cells are
undergoing electroporation, the cells are thoroughly rinsed with deionised water via
pelleting and suspension to remove unwanted salts that interfere with the
electroporation process.8 At this point the cells can be aliquoted to prevent
unnecessary freeze thaw cycles. The next step is to undergo either of the
transformations dependant on how the cells were prepared. For the heat shock
process, initially the cells are cooled in ice for up to 30 minutes and then mixed with
DNA that determines the protein being induced.®! The cells are then heated between
37 to 42 °C for approximately 30 seconds and then placed back in the ice.®! For
electroporation the competent cells are mixed with the relevant DNA and for a short
period of time are exposed to an electric field.82 Usually a higher voltage is used initially
which decays over a set period of time leading to the formation of pores in the cell
membrane allowing DNA to enter.22 The E. coli cells are then cultured to increase cell
count and antibiotic resistances. The protein being induced is dependent on the DNA
introduced prior to culturing and a large group of these cells affected by the DNA are

known as clones.®* E coli. is chosen due to its simplicity and speed of growth and low
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cost.?> Many issues can occur throughout this process including unfolding or improper
folding of proteins (causing inactivity), reduced growth of host and even no protein
formed at all.®% One benefit of this method is the enzyme can be expressed with a
fusion tag such as histidine, providing multiple uses such as increased expression and
ease of purification.?” Large quantities of enzyme and metabolites can be formed
utilising this technique however it is frequently observed where proteins formed are
unfolded or insoluble, preventing their use.

Post transitional protein modifications have also been studied which further diversifies
the proteins found within the human body, and have been observed to provide a wide
variety of effects such as increasing cell viability or affecting enzymatic activity.28
Glycosylation is a post translation modification associated with 50% of all proteins
which is further linked with increased enzyme activity.8® For example, aspartic
protease cathepsin E suffered reduced activity when N-glycans were enzymatically
cleaved®. These complex modifications are not provided utilising the commonly used

E. coli host.

Liver cell incubations

Liver cell incubations have been widely applied to the synthesis of physiologically
relevant metabolites as they contain both the enzymes and co-factors that metabolise
compounds upon entering the body.®° Due to the increasing commercial availability of
hepatocytes their research and understanding is increasing quickly, leading to their
wide use and are now described as the gold standard method for metabolic studies.
This method involves directly incubating the substrate with the chosen hepatocytes
whilst varying external parameters such as temperature and incubation time.% % Due

to the extensive amount of research the capabilities and negatives of this method are
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widely available and methods of bypassing them are currently being researched.®* %
For example, the gold standard method hepatocytes suffer from limited availability
leading to increased costs. Due to this a variety of different methods have been
employed to increase the longevity of these cells.®®: 7 One of which is the use of
cryogenic freezing alongside the use of cryo-protecting compounds such as Dimethyl
siloxane (DMSO), albumin, fetal calf serum (FCS) and polyvinyl pyrrolidone %8101
Despite this low availability, hepatocytes advantages heavily outweigh this cost as
they contain all metabolising enzymes allowing for a direct comparison to those formed
within the liver.%* The overall focus in the literature shows that almost all studies have
been utilised for CYP based metabolism and very little attention has been given to any
of the conjugative enzymes.* Liu et al. published a protocol for the isolation of
hepatocytes from a liver and low yields were observed.192

Human hepatic cell lines have also been utilised for the synthesis of metabolites,
typically formed via tumour tissue and genetic engineering of human liver cells leading
to them being considerably more available than the previously mentioned gold
standard, and methods have been employed to further optimise these methods.%3
However, hepatic cell lines suffer from very low drug metabolising enzyme
concentrations.®* Nagarajan et al. focussed on comparing a variety of different cell
types to mimic in vivo formation of metabolites.1%* This study suggested that,
dependent on the cell types used, potentially different products can be formed, and
dependant on the mode of metabolism a different cell type also provides comparable
metabolism to those naturally observed in vivo. Whilst these methods are effective in
the determination of metabolites formed in vivo, a large amount of optimisation is
required for an accurate representation as in current tests metabolites that are not

naturally observed are also frequently seen.1% Also, comparatively to the s9 fractions,
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this method involves incubating the respective substrate with the hepatocytes directly.
Due to this, similar issues are found including difficult separations and products
inhibiting enzymatic activity.!®® Also, because this method simulates in vivo
metabolism using comparatively low enzyme concentrations a wide variety of
metabolites are formed.1%7 This does not allow for a simple synthesis of these products
in high quantities and would necessitate a complex separation from similarly structured
metabolites whilst also removing co-factors and enzymes. This makes the collection
of a singular product increasingly difficult.198 If multiple products are obtained the
determination of a specific metabolite’s beneficial and toxicological effects is not
simply available. This can cause delays with regards to drug testing and development,
which is especially important as in some cases metabolites can have a detrimental
effect on a person’s health. For example, thalidomide was used as an anti-emetic for
a variety of conditions in pregnant women.'% One of the two isomers that naturally
interconverts under biological conditions had detrimental effects, causing birth defects
and in some cases death. The mechanism involved is unclear, but the metabolites are

currently under investigation.110

Liver microsomes

Liver microsomes are subcellular fractions similar to s9 fractions which contain
membrane bound xenobiotic metabolising enzymes such as CYP, UGT and SULT (the
three enzymes focused on in this thesis).3> 111 112 Dye to their ease of preparation,
use and storage these fractions are considerably cheaper than the liver cell models.
As with liver cell methods, the donor’s individual metabolomic characteristics are
observed within the fraction.®* To bypass this, microsomes from a variety of different

donors are pooled together to minimize this individuality effect on overall
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measurements.'3 Due to their low stability these are readily frozen at -80 °C and
studies have shown they can be frozen and thawed at least 10 times with no significant
effect on metabolic activity.11* Comparatively to the previous enzymatic methods direct
incubation with substrate and co-factor (if required) is the preferred method for
screening of potential drug candidates and their metabolites, especially when
focussing on phase | metabolism. Typically these microsomal incubation experiments
are limited to an hour due to optimal enzymatic conditions.''® Due to their ease of
access typically microsomes are tested before utilising hepatocytes to prevent large
costs for non-pharmacologically relevant compounds.'® Studies have shown that
CYP activities throughout the two methods are comparable, and no significant
difference is observed but conjugative enzymes such as UGT are not comparable.
This is frequently bypassed via the incubation of additional external co-factors.'*’ The
use of microsomes have been typically hampered by their inherently low yields and
the need for a complex purification technique, as demonstrated by Tuffal et al. in which
direct incubation with human platelets very little product was found and only one of the

four tested substrates were quantifiable.!18. 119

1.4. Microfluidics

Within the pharmaceutical sciences, miniaturised devices can be utilised for speeding
up the overall drug development process.’?® As microfluidics works via the
manipulation of considerably lower volumes than alternative methods, a wide variety
of advantages have been noted for effective drug development; including small
surface area to volume ratios allowing more interactions between enzyme and
cofactor/substrate, lower volumes leading to lower amounts of expensive biological
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reagents used (such as enzymes and cofactors), continuous flow through preventing
product inhibition of the enzyme compared to other large scale enzyme systems
alongside high mass and heat transfer, whilst also allowing excellent control for all
experimental parameters and reduction in overall reaction times.'?! For example,
Vickerman et al. developed a device for 3D cell culture allowing for time dependant
drug delivery whilst controlling surface stress, interstitial flow and culture scaffold
properties. Along this Uddin et al. developed an ELISA integrated microfluidic device
which reduced reaction times of each step to less than 15 minutes whilst still providing
an increased limit of detection.1?> Although not an enzymatic application, exquisite
parameter control was utilised by Thiele et al., which used a zig-zag single channel
device for the formation of gold nanocubes.'?3 Gold nanocubes are difficult to obtain
in a uniform and with sufficient yields simultaneously. The parameters altered
included: precise incubation time, solvent concentration variation, altering counter ions
and volume alterations. Finally, product inhibition was completely removed for the
enzyme alcohol dehydrogenase. Current state of the art microfluidic devices is

described in Table 1.1.
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Table 1.1: Descriptions of current state of the art microfluidic devices and their applications.

Microfluidic
approach

Definition

Applications

Droplet based

Involves the formation of droplets
utilising either passive or active
methods. The former utilises
specific channel designs suchas T
junctions or flow focussing and the
latter utilising an external factor
usually an electric field*?*

Targeted drug delivery'?
127

Single cell analysis28-130
Emulsifiers synthesis!31-133
Electrophoresis!34 135

Inertial

Inertial microfluidics  utilises
hydrodynamic forces using a
variety of different channel
designs which focuses particles
into specific positions under
specific parameters13®

Miniaturisation of HPLC
systems!3”

Cell/particle sorting!38-14
DNA isolation 142

Cancer detection143-145

Paper based

Paper based devices involve the
use of hydrophobic barriers on
paper for point of care analysis!46

EL|SA147-149
Pathogen detection!%0-152
Biosensing!53-1%5

Electrode
containing devices

Electrode can be implemented
within a microfluidic device to
facilitate electrochemical redox
reactions1°®

Biosensing®7-1%°

Mimicking metabolism?160-
162

Tissue/Organ-on-
a-chip

Tissue on a chip devices involve
simulating the
microenvironment

found within the tissue/organs
natural environment

Modelling a wide variety of
biological systems:
e Pulmonary
edemas?63
e Viral infections'64
e Synthesis of liver

specific proteins 165
166

fit into a specific category. l.e.,
single channel devices, devices
containing membrane filters etc.

e Drug induced
kidney
nephrotoxicity6’

e Wound healing,
skin aging and
repairl6®

Miscellaneous Any other device types that don’t | PCR16% 170

Immunoassayl7-173
Traditional synthesis’4 17>
Enzymatic reactions!’6-178
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When designing a microfluidic device for a specific purpose, the material in which the
device is fabricated is vital to ensure compatibility between the support, the
immobilisation technique and the enzyme itself!’®. Dependant on the material the
device is made out of the fabrication method significantly differs between polymer and

glass based devices.80

1.5. Fabrication of microfluidic devices

Glass microfluidic devices offer some benefits over polymer based devices including
higher reusability (after removal of immobilised enzyme), higher rigidity, superior
optical transparency, increased thermal stability, high biocompatibility and are inert to
the many liquids typically used in enzyme chemistry.*8%. 182 Tatsuro et al. developed a
thin layered microfluidic device to utilise the transparency and biocompatibility of glass
and gain a time based fluorescent measurement of fluorescein to facilitate c-reactive
protein detection utilising an ELISA reaction.’®3 Mazio et al. developed a reusable
device with snap fitting of commercially available inserts.'®* These alterations allow
this device to be reusable for a variety of different commercially available inserts for
air liquid interface facilitating tissue oxygenation and feeding of bronchial cystic fibrosis
cells. The ability to remove and replace these inserts significantly improve this devices

reusability for the culturing of these cell types.18

For the fabrication of microfluidic devices the majority of microstructures in glass are
created using a wet etching technique.'®® This involves coating clean dry devices in a
photoresist via spin-coating.'® These are then soft baked for 30 minutes at 90 °C,
then covered in a photomask containing the design and exposed to UV radiation
through the mask and rinsed with DI water.'8” Devices are then placed in hydrofluoric
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acid solution (HF) to the desired etching depth. After removing from the HF solution,
the devices are rinsed with deionised water and the photoresist is removed via solvent
(i.e., acetone), this process is illustrated in Figure.1.3. Prior to binding the device to a
glass base plate, it is necessary to introduce the inlet and outlet holes for the device.
These are typically drilled via a diamond drill, different drill bit sizes are available
depending on the method of interfacing (i.e., capillary or tubing).® The etched glass
can then be bound to the glass plate using heat press at a temperature over 400 °C
and a pressure of around 0.05 MPa (Figure.1.3).18° For an irreversible bonding this
involves heating the two pieces of glass whilst simultaneously placing pressure.18! At
reduced temperatures (100 °C) a reversible binding is observed, this can be bypassed
via the use of an intermediate which can facilitate further interactions between the two
glass plates. Examples of these include epoxy 2:1 resin, thin adhesive tape and
sodium silicate.'®%-192 Although these are all viable, the required strength of the device
alters with differing pressures within the device when it is used. If a reduced pressure
is utilised, then a less effective binding is acceptable such as the thin adhesive tape.
Although these are available, extra care must be taken when using them as they can
yield a non-homogeneous binding leading to leaking devices.1%

Although these devices can be cheap to make, there is a wide variety of expensive
equipment and solvents necessary for their fabrication; including a furnace and heat
press.19 Unless an area of research has a specialised microfluidic department, it is
unlikely these pieces of equipment will be available, although there are commercial

suppliers of microfluidic devices available.
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Figure.1.3 Schematic detailing the creation of a microfluidic device using the wet etching
technique. This process consists of UV patterning of mask (a), removal of the unbaked mask
(b HF etching of the design onto a glass plate (c) and bonding the patterned glass on to a
glass base plate containing the microstructures.

When fabricating a glass microfluidic chip, a wide variety of parameters need to be
considered prior to deciding on a design. The schematic or overall design of the device
has a significant impact on the surface area to volume ratio as described previously.
Three different design types have been of frequent application for the formation of

metabolic products.
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The mixer based devices have been applied differently to the other three devices as
typically a non-immobilised enzyme is flowed through one of the inlets and a substrate
is flowed through the other containing the co-factor if necessary.'®® Clark et al. cultured
preadipocytes on a glass coverslip and both Amplex Red (fluorescent dye) and
enzymes (Glycerol kinase, glycerol phosphate oxidase and horseradish peroxidase)
were flowed through the device simultaneously leading to mixing allowing glycerol
secretion measurements.1% These devices allow for the needed trial and error-based
approach when using free enzymes, as there is no significant clean-up process
needed. One of the main benefits of this method is due to the available control of the
flowrate/injection rate for both the substrate and the enzyme itself; allowing for a much
higher control of enzyme interactions between both co-factor and substrate.'®’ One of
the major disadvantages of this method is in the loss of expensive biologically active
reagents such as the enzyme itself and its respective co-factor. Alongside this, a
complex separation is usually required due to the biological matrix that is formed upon
collecting effluent due to a mixture of both enzyme, cofactor and substrate forming;
which is comparable to incubation methods.'®® Due to these constraints certain short
lived products are not observed, thus preventing any further testing or determination
of these products.1®® Although the downfalls of these devices largely hinder their use
for any significant singular product formation they are still widely applicable in cases

where the product can be monitored within the device.?%®

The vast majority of studies utilise one of either wall coated, packed or monolithic
devices where utilising enzymes immobilisations is optimal.2°* Wall coated methods
focus on immobilising the enzyme directly on to the surface of the device, packed

devices are typically filled with particles in which the enzyme can be loaded in order
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to increase the surface area to volume ratio, and lastly monolithic devices where the
enzyme is either immobilised or trapped within the porous matrix. Trypsin has been
frequently observed to be immobilised within a monolithic matrix for the digestion of
peptides and a mixture of proteins.?%? Amalia et al. conducted an interesting study, in
which an organic-polymer based monolithic column for the digestion of proteins. The
monoliths surface allowed simultaneous digestion and chiral separation which was

directly connected to a HPLC facilitating in-line analysis.?%3

The three previously mentioned devices can be further modified with the original being
described as wall coated (where an enzyme is directly immobilised on the surface of
the device), packed (where the device is filled with particles in which the enzyme is
immobilised on to) and utilising a monolith within the device channels.'?! Wall coated
were utilised throughout this thesis due to their considerably lower complexity, easy of
cleaning, and reusability,

Wall coated devices focus on immobilising the enzyme onto the surface of the device
either via surface modification or direct immobilisation.’?® There are a variety of
different device structures that have been utilised for chemical reactions. The major
types are described as single channel (Figurel.4a) and multichannel (inlet and outlet

connected by multiple parallel splitting channels, Figurel.4b).
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Figurel.4: Depictions of two different microfluidic device structures a single channel/
serpentine (a) and a multichannel (b)

Serpentine devices can be long or short, dependant on the experimental needs, and
long channels can be placed onto a smaller device by winding around the glass.?%
Parallel devices contain a splitting in which the devices converge at a single point
which effectively multiplies the immobilisation volume.2%5

Most changes made with either of these designs focus on altering the dimensions of
the channels i.e., widening or tightening the flow path. The altering of channel
dimensions with regard to enzymatic synthesis can have a large impact on the overall
amount of product formed as it will reduce or increase the amount of interactions
between the enzyme and co-factor/substrate increasing overall potential yield. For
example, Kwapiszewski et al conducted a study on the effect surface area to volume
ratio for the detection of fluorescein using optical fibres yielding one magnitude higher
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sensitivity than a standard cuvette. Due care needs to be taken when designing thinner
devices, as one frequently observed problem that needs to be bypassed is an increase
in back pressure.?% If too much back pressure occurs, very little to no flow through is
observed and the method of integration from inlet to substrate becomes much more
important (a weakly bound interface can become disconnected from the device).?% In
order to further improve the use of microfluidic devices for enzymatic compatibility
immobilising the enzyme is used to create a physical attachment between the enzyme

and immobilisation surface.

1.6. Application of microfluidics to metabolomics

Microfluidic devices have been frequently applied for metabolomic studies. Utz et al.
have developed an NMR probe that can incorporate microfluidic devices.?%® This was
utilised to conducted studies on a single cell cancer spheroid that allowed for a
constant time study of metabolic product formation by NMR analysis without the need
for a consistent flow through method or extraction of L-lactic acid. A comparison over
2 days showed that spheroids (3D structures made of an aggregation of cells) provided
2.5 to 3 times less product formation in the case of D-glucose and L-Lactic acid
consumption potentially due to less viable (live) cells in the spheroids, or different

behaviour of the cells in a spheroid in comparison to those in a cultured monolayer.

Midwoud et al. created a microfluidic device enabling small scale tissue drug based
metabolism utilising a PDMS membrane allowing for breathability for the necessary
oxygen and CO:z and allow for maintaining the optimum biological environment.?%°
Continuous flow of media prevents a loss of growth due to a lack of required nutrients
as fresh media is constantly being supplied. The study utilised four different test
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substrates 7-ethoxycoumarin, 7-hydroxycoumarin testosterone and lidocaine which
are all liable to undergo both phase | and phase Il metabolism. It was observed that
conjugative metabolism was still functional over an 8-hour timeframe for intestine and
for 24-hour timeframe for liver cells utilising HPLC analysis via UV detection. Oxidative
metabolites decreased over the same timeframe and was attributed due to no
endogenous compounds within the media preventing continuous expression of the

required enzymes.

Cells have been cultured directly within a microfluidic device, in both 2D and 3D. For
example, in most cases 2D provide similar results to those in the natural 3D
environment, cells in the 3D environment yield a higher resistance to anti-cancer drugs
providing a false positive, when upon development the anti-cancer effect is no longer
observed.?!® Marinkovic et al. measured metabolic landscapes in monolayer colonies
of yeast cells for both single cells and a structured population, yielding consistent,
reproducible glucose gradients as expected based on other non-microfluidic
studies.?!! For the 3D cell culturing Frisk et al. attempted to bridge the gap between
organ/tissue culture and 2D methods by using synthetic gels.?'? This study yielded the
expected calcein gradient showing that staining is available alongside metabolism

whilst maintaining cell viability within this synthetic matrix.

The immobilisation of both CYP and UGT microsomes via biotinylation onto a
streptavidin functionalised surface has been carried out by Kiiski et al.?'3 214 In which
it was observed that comparable high activity was observed both initially for the
metabolism of Luciferin for CYP and 8-hydroxyquinoline or zidovudine for UGT. Both

of which were aimed towards time-dependant concentration gradients for studies of

28



substrate co-factor and inhibitors and time-based enzyme function studies.
Biotinylated human liver microsomes and a streptavidin modified microfluidic device
allowed for the determination of alamethicin effects on reaction velocity and the causes
that effect. This demonstrated that the alamethicin removed the mass transfer barrier,
which is not necessary when utilising flow through conditions. Whilst these inhibition
and enzyme studies are necessary for the understanding of enzyme mechanics, it has
not been tested for the synthesis of a bulk singular product nor provide any
pharmacological understanding of the beneficial or toxic effects of the metabolites of

a compound.

Despite the documented uses of microfluidic devices utilising immobilised enzyme
devices, there are still a variety of different applications that have not been fully
realised, such as bulk synthesis of metabolic products to allow for further

pharmacological studies (the aim of this thesis).

1.7. Enzyme immobilisation techniques

Immobilising an enzyme provides many advantages over free enzymes, including
increased structural and thermal stability, simpler extraction of both enzymes and
products enzyme reusability, continuous enzymatic conversion, efficient reaction
halting and ability to manipulate reactor design.?® The methods for immobilising
enzymes are typically divided into three categories. These categorise into (a) binding
the enzyme onto a physical surface utilising physical or chemical interactions (b)
entrapping the enzyme within a highly porous matrix and (c) crosslinking the enzyme
together to form an aggregate or crystal.’?? Binding the enzyme via physical and
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chemical interactions is further split into two categories non-covalent and covalent

binding.?® All of these categories and subcategories are visualised in Figure 1.5.

Solid support immobilisation Q_J) = Enzyme
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Figure 1.5: Visualised enzyme immobilisation methods.

Covalent bonding (the technique utilised throughout this thesis) provides an
irreversible structure bypassing the leeching observed with the non-covalent
binding.2® A higher understanding and thorough research is required when
immobilising covalently due to the conditions required potentially leading to
inactivation and/or denaturing of the enzyme.?!’ It is routinely noticed that a loss of
enzymatic activity of even up to 70% is not uncommon upon covalently binding a
compound to a physical support.?’ Covalent binding typically utilises common
functional groups naturally found on an enzyme (NHz2 and COOH) and a modified

surface bypassing the need to modify the enzyme potentially causing deactivation.?1®
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One frequently used method involves amination of a silica support with subsequent
glutaraldehyde addition yielding a carboxylic acid to amino reaction producing a highly
strong bond.?'® Due to the number of amino groups within an enzyme in some cases
the active site immobilises to the silica support, rendering it inaccessible to substrates
preventing any product formation.??° Due to a lack of control it is almost impossible to
yield a heterogeneous array of immobilised enzymes that do not get inactivated by this
process??! and so significant differences can be found between catalytic runs.

Each of these different techniques have their own inherent benefits and deficits.
Although extensive research has been conducted, no generic method that can be
utilised for the synthesis of metabolites in sufficient quantities viable for standards.

These advantages and disadvantages are described in Table 1.2.
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Table 1.2: Comparison of advantages and disadvantages of different immobilisation

techniques.
Immobilisation | Advantages Disadvantages
technique
Adsorption e Low binding energy e High likelihood of
e No structural changes enzyme leeching
e High catalytic activity
e Simple
e Cost-effective
e Allows recyclability of
expensive proteins
Covalent binding e Irreversible covalent e Strong covalent bond
bond prevents enzyme can lead to inactivity
leeching by altering an
e Increased thermal and enzymes active sites

structural stability

Extensive literature and
research on different
protocols utilising
different solid supports to
enable the use for a wide

Loss of activity due to
lack of immobilisation
spatial control
Enzyme leaching in
agueous conditions

Activity of free enzyme
retained

Carrier free

Thermal stability

Solvent tolerant

variety of enzymatic
systems
e Simple
Immobilisation | Advantages Disadvantages
technique
Affinity binding e Strong binding energy e Enzyme structure
e Surface is highly must be altered to
selective towards the contain the affinity tag
enzyme potentially reducing/
e Controlled orientation removing activity
Entrapment e Increased complexity e Lack of robustness
with determining matrix e Increased likelihood
viability of enzyme leaching
e Increased thermal
stability
e Increased enzyme
reusability
Crosslinking e Simple e Enzyme of significant

purity required
Costly
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The method utilised in this thesis is via covalent binding of the enzyme onto a glass
surface using a 3-aminopropyl trimethoxysilane-glutaraldehyde linkage onto the NH2

groups naturally observed within the enzymes structure.

OCHjy
Glass SIOH + H3CO—Si (CH3)3NH,
OCH,
HOC
OCHj
/H
Glass Si——0——Si——(CH,); N +
OCH, H
HOC
OCH, H
Glass Si——0——Si——(CHy)s N— (CHp)s——coH  + N——Enzyme
OCH, H
OCHjg
Glass Si O—=si (CHz)3 N=—— (CH2)3 C——N——=Enzyme
H
OCH,

Figure 1.6: Reaction scheme for the immobilisation of enzymes utilising the frequently used
silanisation followed by glutaraldehyde reaction.

In summary, there are a wide variety of different immobilisation techniques with
covalent offering the most versatility due to the functional groups utilised in the reaction

being widely available in all human enzymes.
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1.8. Applied immobilisation of microsomal enzymes

The vast majority of studies that utilise the immobilisation of drug-metabolising
enzymes have focused on CYP isoforms whilst the conjugative enzymes have had
considerably less research.??? 223 CYP-based reactors have been utilised for a variety
of applications including; biosensors and biocatalytic synthesis.??*?2” Due to CYP’s
need for an electron donor, the use of electrodes as a surface for enzyme
immobilisation has been conducted, allowing it to provide electrons directly to the CYP
isoforms respective active site.??® However, many issues have arisen that require a
complex array of electrode materials surface modifications and immobilisation
techniques to allow for catalytic activity.

Shumyantseva et al. focussed on measuring CYP catalytic activity on a variety of
different electrochemical techniques namely cyclic voltammetry, square wave
voltammetry and amperometry utilising a gold electrode, gold nanoparticles and a
membrane-like synthetic surfactant (didodecyldimethylammonium bromide).??°® This
allowed the determination of multiple antioxidants (mexidol, ethoxidol, cytochrome c
and L-carnitine) effects on cytochrome P450’s catalytic activity, with ethoxidol
increasing by over 110% for three different CYP isoforms (CYP3A4, CYP2C9,
CYP2D6 With the nanoparticles and surfactant increasing enzyme stability and
longevity. Mie et al. noted that due to CYP’s microsomal structure having hydrophobic
regions that a hydrophobic electrode surface would likely yield optimum
immobilisation.??® Upon further study this was proven correct in regard to the majority
substrates with an anomaly aminoethanethiolate which yielded no measurement on
the voltammogram which was stated to be due to the saturated alkanethiolate, not
providing sufficient conductivity preventing electron transfer.??® It was hypothesised
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that this technique can be utilised for drug research and as a biosensor dependant on
the substrate.??®

Affinity binding was utilised for immobilisation and purification of enzymes with affinity
tags by Zhou et al. These affinity tag proteins were formed via plasmid and DNA
manipulation under physiological conditions by utilising the bacterial overexpression
method described previously in section 1.3.23° The use of chitin as an affinity substrate
increased the availability of this method due to its low cost with both the affinity
substrates and the lack of cooling needed with low reaction times (30 minutes) when
compared to similar methods.?3® As only a small modification was made on the
enzyme and only 60% of the enzymes initial activity was observed, this was not
comparable to alternative methods in which nearly 100% activity was retained?3°,
However, without the immobilisation, a lack of activity longevity and stability was

noted.

In the respect of covalent enzyme attachment, Hassan et al. studied the covalent
attachment of glucoamylase to gel beads.?®! This covalent linkage focussed on
functionalising the beads with an aminated group, further modified using
glutaraldehyde which spontaneously reacts with the amino groups within the enzymes
structure. Upon immobilising it was noted that both the pH and temperature retained
their optima, with an observed increase in stability over an acidic range in the former
and the latter retaining its optima but with a wider range varied by 10 °C. Most
importantly, as with the other optimisation methods, a much higher reusability of the
enzyme was found, with no measurable loss after 11 cycles.

Entrapment was utilised by Sharma et al. using a calcium agar gel. They immobilised

within agar beads by dissolving a-amylase within molten agar at 45 °C. Hydrogel
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beads were then formed using a syringe into distilled water and required drying for 48
hours. Upon testing these hydrogel beads no large effect on thermal or pH optima;
alongside no additional thermal stability.?32. This method is an improvement compared
to previous entrapment studies which utilise calcium chloride/agar matrix, as their
structural integrity was largely affected by the environments necessary for enzymatic
conversion thus causing enzyme leaching with 78% residual activity after 6 uses. Zhu
et al. observed only 55.1% of bovine liver catalase initial activity after only 3 uses.?33
Huang et al. attempted to bypass this loss by utilising a hybrid of both organic and
inorganic materials with aluminium oxide boehmite and alginate which reduced
leaching considerably where after 12 cycles 87% of initial activity was remaining.
Despite this, the overall activity over the free enzyme was extremely reduced at 7%.2%4
Techniques have been developed to allow the extraction of the enzyme and matrix
from the products formed utilising magnetic beads but due to the significantly reduced
reusability or activity compared to free enzymes there industrial use has been hindered
by this leaching and reusability issue.?3® It was theorised that this immobilisation
technique can be applied for the treatment of biological waste from food processing
industries.?3®

Finally, Cao et al. used enzyme aggregates of penicillin G acylase for the formation of
enzyme crystals alternatively to pure enzyme in order to ensure the superstructure
formed in the aggregation process is retained. This theoretically allowed for an
increased activity in comparison to its predecessor (aggregates), whilst bypassing the
Issues with aggregates in which aqueous solutions causes the enzyme to redisperse.
The activity of this crystalised aggregate was determined by measuring the synthesis
of ampicillin via crystallisation at its isoelectric point. The development of this method

yielded comparable activity to the enzyme in solution, yielding approximately 50%
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higher activity than crystalized enzymes that have undergone crosslinking which was
in turn only slightly more effective than the crosslinked enzymes in their original
state.?3® Another example by Schneppel et al. utilises a multienzyme cascade reaction
system starting with halogenase, to tryptophanase and finally monooxygenase to
convert L-tryptophan to di-bromoindigo. This yielded a conversion of approximately
46%.

The application of all of these techniques have been either for the determination of
which metabolic products are formed naturally, as a biosensor or for the determination

of properties such as rate of formation.

Whilst all of these techniques have the potential for the synthesis of metabolic
products, the applications above currently suffer from enzyme leaching, inactivation
and low enzyme loading. Each of these issues leads to either a complete lack of
product formed or the complex biological matrix that the method attempts to bypass
by immobilising the enzyme is still formed. Covalent bonding (the chosen technique
for this thesis) yields the least deficits in which leaching at lower flow rates have been

observed to be minimal.237

An overview of the current metabolite synthesis techniques utilising microfluidic

devices has been detailed in Table 1.3
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Table 1.3: Description of metabolic studies utilising microfluidics.

system?3®

Methodology Enzymes activity assessed | Applications

(Source of enzyme utilised)
Human liver microsomes | | ~yp1a1 o Liver disease
immobilised on magnetic bead e CYPla2 diagnoses
(biotin/streptavidin) utilising
electrodes to control the sample * CYP2a6 e Development of
droplet via an electrowetting s CYESaL} personalised drug
technique?® (Liver biopsies) dosing
Methodology Enzymes activity assessed | Applications

(Source of enzyme utilised)
Liver slices within a PDMS
microchamber connected to two e Mimic first pass
porous membranes to allow the | ¢ CYP7al metabolism
constant flow of media which was | (Liver slices) e Study drug induced
directly coupled to a HPLC toxicity

Microfluidic paper-based lateral
flow assay focussed on the rapid
screening of the metabolism of
xenobiotics. The device contains
three zones sequentially are
enzyme  reaction zone, a
separation zone and a detection
zone?40

e CYP2a6
(Human liver microsomes)

e Examination of drug-
drug and drug-
chemical interactions

integrated  within
microfluidic device?*3

a multilayer

(Primary rat hepatocytes

« CYPib1 e Detection of reactive
Microfluidic device consisting of 8 | (Supersomes) gettabo_llteﬁ ¢
parallel channels each of which | ¢ NAT * d;ﬁ;ggna |otr(1) DN?A
H H 241 H
interfaced with electrode arrays ng ﬁggggjﬁ)hydrolase provided by reactive

metabolites

Microfluidic device featuring two
layers linked by a porous. Four
different cell types were co-
cultured in the top layer small .
molecules pass through the e Various CYP enzymes e Drug screening
membrane into the bottom layer. (Human hepatocytes)
This layer was collected after 24
hours to allow metabolite analysis
via UPLC-MS?42
Hepatocytes directly cultured onto e CYP3al e Test model for the
patterned fibres which are . CYP2ci1 evaluation of in vitro

drug metabolism
Drug clearance modelling
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Microfluidic device featuring a

series of electrodes for precise . CYPla2 e Preclinical drug
droplet control directly integrated ; discovery and
: d (Recombinant enzyme)
to a time of flight mass development
spectrometer?#4
Microfluidic device featuring a
winding channel with human liver
microsomes immobilised within a
hydrogel leading to a channel
contain cultured cells to allow the e Drug metabolite
determination of cytotoxicity and | ¢ Various CYP450 isoforms determination
finally a solid phase extraction | (Microsomes) e Cytotoxicity
(SPE) fabricated channel. The measurements
outlet of the device was directly
connected to a time of flight mass
spectrometer to allow metabolite
determination4
Methodology Enzymes activity assessed | Applications
e (Source of enzyme
utilised)
Microfluidic device containing a e Liver tissue
square pillar array to mimic liver | ¢ CYPlal engineering
lobule intervals found in vivo.| e CYPla2 e Drug screening
Valves were added to the device in | ¢  Various UGT isoforms e Prediction of

order to allow precise control of
cell loading®*®

(Cultured HepG2 cell lines)

therapeutic effects of
new compounds

Co-cultures of both hepatocytes
and non-parenchymal cell co-
cultures using a Hurel biochip
which contains four
compartments. A liver
compartment to facilitate
metabolism, a lung compartment
which represents the targeted
tissue, a fat site which facilitates
the accumulation of hydrophobic
xenobiotics and a compartment
that mimics a non-metabolism,
non-accumulation site4%

e CYP3a4
e CYPla2
e CYP2c19
(Hepatocytes)

e Drug metabolite
determination

Enzyme was immobilised within a
porous monolith and placed within
a microfluidic device interfaced to

e CYPla2
(Recombinant enzyme)

e Preclinical
discovery

drug

electrodes to allow droplet e Drug development
control?#
Human liver microsomes were

immobilised within a microfluidic
device containing an array of
micropillars in a singular channel
device via a biotin/streptavidin
linkage?*®

e Various UGT isoforms
(Human liver microsomes)

Inhibition determination
Timepoint
measurements of
substrates/cofactors
and inhibitors

A multichannel device with 6
parallel channels and a cell culture
chamber in which a card slot is
attached allowing an automated
sampler to collect and analyse
potential products real time?*°

e Various UGT isoforms
(Cultured HepG2 cell lines)

HPLC column packed with

immobilised enzyme?*°

e Various UGT isoforms
(Microsomes)

e Anticancer effect
determination

e Determination of
alternative reaction
pathways in vivo

e Determination of
metabolic products

formed in vivo.
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e Determination of
enzymatic catalysis
parameters

HPLC column packed with | e Various UGT isoforms Determination of active
immobilised enzyme?5! (microsomes) UGT isoforms
Enzyme encapsulated in a solgel | ¢  Various UGT isoforms e Enzyme inhibition
matrix within a capillary column? | (microsomes) studies
. - e Identification of
Enzymes were immobilised onto " formi
magnetic beads via naturally orming
s - . e CYP3a4 metabolites
biotin/streptavidin  bonding and .
S LT o UGT2b7 e Small scale synthesis
placed within individual Stud d
compartments to allow sequential | (SUPETSOMES) * uay - cascade
metabolism?253 metabolism of
xenobiotics

As can be seen in Table 1.3, there has been an extensive amount of research on
cytochrome P450 enzymes within a microfluidic device for a variety of different
applications. However, the sole focus of these studies is typically on the determination
of mechanistic properties of complex mixtures of enzymes rather than isozymes (as
detailed in Table 1.3), on cytotoxicity studies and the prediction of metabolites formed
in vivo. Contrary to CYP, UGT facilitated reactions within a microfluidic device have
only been attempted a limited number of times and. The previous studies yielded
promising results with the potential of immobilized enzymes as a synthetic method,

but these have as of yet not been applied.

1.9. Aims of thesis
The aim of this thesis was to develop a method that has the potential to synthesise
metabolic products in bulk, bypassing the issues with previous methods (low yields
and separating the products from a complex biological matrix). The specific aims of
this thesis are:
e The optimisation of an analytical technique for each of the substrates and
products utilised throughout this thesis (resorufin, resorufin-B-D-glucuronide, p-

nitrophenol, p-nitrophenyl sulfate and 7-ethoxyresorufin).

40



Development and initial optimisation of an UDP-glucuronosyl transferase
(UGT1al) immobilised microfluidic device that allows for the synthesis of a
glucuronide conjugated metabolite (resorufin glucuronide)

Development and optimisation of a sulfotransferase (SULT1al) immobilised
microfluidic device that allows for the synthesis of sulfate conjugated metabolite
(resorufin sulfate and p-nitrophenyl sulfate

Initial development of a Cytochrome P450 (CYP1al) immobilised microfluidic
device that has the potential to allows for the synthesis of CYP facilitated

metabolic product (resorufin)

41



1.10. Gap in the field

To the authors’ knowledge the previous methods for metabolic studies have focused
on the measurement of rate and determination of which specific metabolites are
formed and their effects on the human body. There is a significant gap in this field
where the synthesis of specific human metabolites of drugs that can simply be used
for in vitro mechanistic studies (or as analytical standards) has yet to be explored. The
current lack of availability of drug metabolites in sufficient quantities for in vitro testing,
means that in vitro testing of drugs and drug-candidates has limited predictivity of in
vivo action, due to a lack of integration of drug metabolism into these model systems.
Addressing this limitation by synthesising usable quantities of stable drug metabolites
would represent a significant step in improving in vitro predictivity for in vivo drug action
or toxicity. This is a frequently observed problem in the study of polyphenolic
compounds, in which contradictory information has been observed when determining
their beneficial or toxicological effects. Lewandowska et al. created an overview of
metabolism and bioavailability of polyphenols in which contradictory results have been
reported.?®* 255 This could potentially be due to metabolism having an effect on a
specific polyphenols’ bioactivity with regards to beneficial and toxicological effects
(reducing or increasing). In some cases a certain metabolite may be formed in which
an antioxidative affect has been observed but different metabolites can be formed
dependant on a specific persons metabolic profile.?56¢ Many polyphenols are highly
metabolised within the liver whereas, in live animal/human testing, the focus is
predominantly on the unmetabolized compound. It is also worth noting that in some

studies unrealistic exposure concentrations are tested. Therefore, a method that
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allows for the production of the metabolised products is vital for effective nutraceutical

and pharmaceutical understanding and development.
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2. Experimental

This section describes the relevant chemicals and materials, instrumentation, methods

and analytical procedures.
2.1. Chemicals and materials

Chemicals and materials used throughout this thesis are described in tables Table 2.1

and Table 2.2. Equipment used is detailed in Table 2.3

Table 2.1: Commercially available solvents and reagents used throughout this research.

Reagent/solvent Supplier Details

Hydrogen peroxide Thermo Fisher Scientific,

(30%) Vantaa, Finland Piranha solution for cleaning
Sulfuric acid Honeywell, Morris Plains, USA devices
(95%)

Araldite® 2014-2 Araldite, Basel, Switzerland

Device interfacing to syringe
Two Component

pump
Epoxy paste

Sodium hydroxide Thermo Fisher Scientific,
Device cleaner

(98%) Vantaa, Finland
Methanol Thermo Fisher Scientific,
Dissolve epoxy resin
(99.6%) Vantaa, Finland

(3-Aminopropyl) Sigma Aldrich, Poole, UK
trimethoxysilane

Silanising agent
(APTMS)

(97%)
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Ethanol

(99.5%)
Glutaraldehyde

(25%)
Sodium phosphate
monobasic

(99%)
Sodium phosphate
dibasic

(99%)
Resorufin

(95%)
P-Nitrophenol

(99%)
7-Ethoxyresorufin

(95%)
Resorufin
Glucuronide
P-nitrophenyl
sulfate

(95%)
Methanol

(LC-MS quality)

Water

(LC-MS quality)

Sigma Aldrich, Poole, UK

Sigma Aldrich, Poole, UK

Sigma Aldrich, Poole, UK

Sigma Aldrich, Poole, UK

Sigma Aldrich, Poole, UK

Sigma Aldrich, Poole, UK

Sigma Aldrich, Poole, UK

Sigma Aldrich, Poole, UK

Sigma Aldrich, Poole, UK

Thermo Fisher Scientific,

Vantaa, Finland

Thermo Fisher Scientific,

Vantaa, Finland

Diluent for APTMS

Functionalisation of microfluidic

device

Phosphate buffer

Initial substrate

Product formed via UGT1al

Product formed via SULT1al

Mobile phase in LC-TQ-MS
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Formic Acid Chem Solute®, Renningen

(98-100%) Germany

Table 2.2: Commercially available enzyme system used in this study.

Enzyme Supplier Details
UGT1lal supersomes Corning, Wiesbaden,
Germany

SULT1al supersomes Santa Cruz Biotechnology,
Enzymes utilised for immobilisal
California, USA
and static reactions
Cypexpress CYPlal Sigma Aldrich, Poole, UK

CYP1ALl supersomes Corning, Wiesbaden,

Germany

Table 2.3: Equipment used throughout this research.

Equipment Supplier Details
Starlab 96 v-well microplate Starlab, Milton Fluorescence based analysis of
Keynes, UK resorufin

BMG Labtech FLUOstar BMG, Aylesbury, Fluorescence measurements

Omega platereader UK of resorufin
Shimadzu Nexera X2 Shimadzu, Kyoto,
Japan

Shim-pack GISS HP (C18) Shimadzu, Kyoto,

LC-TQ-MS
column Japan
Shimadzu CTO-20AC oven Shimadzu, Kyoto,
Japan
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Shimadzu Nexera X2 SIL-30AC Shimadzu,

autosampler

Heracell 150 Incubator

The Harvard Apparatus Pump

11

PTFE Teflon tubing
(.58 mm OD x 0.3 mm ID)

Syringe to tubing adaptor

Fused silica capillary

(200 pm ID x 363 um OD)

2.2.

Kyoto,
Japan
Thermo Fisher
Temperature studies for
Scientific,
metabolism

Vantaa, Finland

Harvard

Apparatus, Interfaced to microfluidic device
Massachusetts, for substrate flow

USA

Sigma Aldrich, Poole
Interface from syringe pump to
Kinesis, capillary
Colmworth, UK
Interface from PTFE Teflon

Sigma Aldrich,

Poole, UK tubing to microfluidic device

Device designing, preparing, interfacing and cleaning

The device designing and preparation was conducted in house by Alex lles using the

following method: Two different flowthrough devices were designed on AutoCAD

based on previous studies, being a split channel and a serpentine.?®” These devices

were developed using a wet etching technique. Glass devices were etched onto 10

mm thick glass wafer coated with a chromium and a photoresist layer utilising a

technique called contact mask lithography (Schott B270, Tellic, USA). The device was
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patterned using UV light and chrome etching prior to wet etching using hydrofluoric
acid to a depth of 30 um. Inlet and outlet holes were then drilled using a CNC drill
(Datron M7) into another 10 mm thick Schott B270 glass cover plate. These were then

aligned and thermally bonded. These two devices are depicted in Figure 2.1a-d.

As these devices are reused prior to every use they were cleaned by placing in
methanol overnight (~16 hours) removing any excess glue and placed in a furnace
overnight, ashing any excess glue. The devices were filled with milliQ water and
immersed in piranha solution (sulfuric acid and hydrogen peroxide in a 3:1 ratio).
These were then immersed in milliQ water and sonicated for a minimum 15 minutes.

Fused silica capillary (100 um ID x 363 um OD) was glued to both the inlet and outlet
holes using araldite 2:1 epoxy resin and was interfaced to a syringe pump (NE-4000)
via PTFE Teflon tubing (0.3 mm ID x 1.5 mm OD) and a luer lock as depicted in Figure

2.2.
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Figure 2.1 AutoCAD schematics for both a parallel (a) and a serpentine device (b), with a
photograph of each respectively (c-d).

(a)
Syringe pump Syringe PTFE tubing
Silica il
capillary —* R /
E I rf tub:
ndorf tube
Microfluidic device wpe
FLOW }
(b)

/ Tubing\

\ Capillary

Figure 2.2 Representative schematic of the interfaced microfluidic device starting with the
syringe pump with 1 mL syringe connected to PTFE tubing placed into the glued silica capillary
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of the microfluidic device and ending at the collection Eppendorf tube (a) and a photograph of
this setup (b).

2.3. Microfluidic substrate metabolism

Both sodium hydroxide (0.1 M, 3x1 mL), then methanol (3x1 mL) was flowed through
the device. (3-Aminopropyl) trimethoxy silane (5% v/v in ethanol) was incubated in the
device at room temperature for 5 minutes to facilitate silanisation. This was washed
out with methanol (3x1 mL). The device was placed in an oven at 60 °C for one hour.
The next step was further functionalisation by flowing glutaraldehyde (5% v/vin 0.1 M
phosphate buffer, pH 7.4) at 3 uL min! for one hour. The final step of immobilisation
was then to fill the channel with enzyme solution (UGT1al at 0.15 mg mL?, and
SULT1al/CYP1al at 10 ng mL™1) solution and left in the fridge overnight. This reaction
is depicted in Error! Reference source not found..

The enzyme immobilised device was then washed out with phosphate buffer (0.1 M,
pH 7.4). Resorufin, p-nitrophenol or 7-ethoxyresorufin (100 uM), and respective co-
factor (UDP-GA, PAPS or NADPH at 100 uM) were flowed through both devices at
varying flow rates (0.1, 0.5 and 1 pL min1) at room temperature (20 + 2 °C) with
collecting and freezing upon collection of 12 uL per sample over varying periods of
time dependant on flow rate. To facilitate temperature studies longer tubing was used
to allow the device to be within an incubator set to the respective temperatures (30
and 37 °C). Control reactions were conducted by omitting co-factor from the initial
substrate mixture and an alternative unreactive enzyme (triosephosphate isomerase)

to the substrates used was also immobilised.
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2.4. Conventional static metabolism

Resorufin/7-ethoxyresorufin (10 pL, 100 pM) and respective co-factor (UDP-GA or
PAPS and NADPH respectively at 100 uM) was added to 2 pL of enzyme solution
(UGT1al at 0.15 mg mL%, and SULT1al/CYP1al at 10 ng mLt) and incubated in a
microwell plate at 37 °C for 2 hours. A calibration curve for resorufin was then added

to this plate and analysed as below.

2.5. Fluorescence analysis of resorufin

A calibration curve was created using 10 pL of resorufin from 100 uM diluted
sequentially two-fold 16 times in phosphate buffer (0.1 M, pH 7.4) implemented into a
Starlab 96 v-well microplate. Fluorescence intensity was then measured through the
bottom optical using a BMG Labtech FLUOstar Omega plate reader set to 544 nm Aex
and 590 nm. Concentrations of resorufin within a sample was also measured and a
concentration of resorufin remaining was determined using a new calibration curve

alongside each set of analysed samples.

2.6. LC-TQ-MS analysis of substrates and expected products

All substrates and products used in these studies were injected at 10 pL(resorufin,
resorufin glucuronide, p-nitrophenol, p-nitrophenyl sulfate) at 100 uM in phosphate
buffer (0.1 M, pH 7.4), was injected into LCMS as described in Table 2.4 and Table
2.5.

For resorufin glucuronide within a sample an extraction was necessary in which, C18

Zip tips were added to a pipette set to 10 pL which was then wetted by implementing
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10uL of 50% methanol in water twice. The tip was then equilibrated by implementing
10uL of 0.1% TFA in water and discarding twice. 10uL of sample was implemented
into the C18 tip and aspirated 10 times sample and left within the tip for 5 minutes. Tip
was then rinsed with 10 yL of MilliQ water and discarding solvent twice. Sample was
then extracted into a HPLC vial from the C18 tip using 10 yL of methanol followed by
injection into the LCMS. All other substrates and samples were directly injected using
the settings described in Table 2.4 with the gradient depicted in Figure 2.4. Substrates
and samples were analysed using a Shimadzu Nexera X2 series LC (Kyoto, Japan)
equipped with a Shimadzu Nexera X2 SIL-30AC autosampler linked to a Shimadzu
7060 TQ-MS (typical TQ-MS drawn in Figure 2.3). Data acquisition and processing
was performed by LabSolutions™ 5.93 software. A Shim-pack GISS C18 column (50

mm x 2.1 mm, 1.9 ym) was utilised to achieve chromatographic separation.

Collision cell
Quadrupoles (Q2) Quadrupcles o
ESI Q) P AT ETLE T (Q3)  Particle multiplier
Sample it —_— '.t selfiee el Je e
= R — 1
Detectar

Figure 2.3: Schematic of a typical LC-TQ-MS equipped with an ESI.

Table 2.4: Experimental setup for the LC-TQ-MS of substrates throughout this research

Column Shim-pack GISS HP (C18)
Oven temperature 40 °C, Shimadzu CTO-20AC
Injection volume 10 pL
Eluent A 0.1 % Formic Acid in Water
Eluent B 0.1% Formic Acid in Methanol
Composition A: B Time (min) A: B

0 95:5
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3 95:5

10 25:75

20 25:75

22 95:5

25 95:5
Flow rate 0.5 ml min-t
Autosampler Shimadzu Nexera X2 SIL-30AC
Spray voltage 2.32 kV
Capillary temperature 250 °C

1001 0

r-25

Organic (%)

r-75

-100

10 15
Time (min)

Figure 2.4 Graphical representation of gradient utilised for the separation of products and
substrates formed throughout this study.

Four different scans were optimised for each analysed compound (Q1 scan, product
ion scan, precursor ion scan and MRM scan) and the settings for each are described
in Table 2.5. All samples were analysed in negative mode with the exception of 7-
ethoxyresorufin which was in positive mode due to increased sensitivity and reduced

background noise.
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Table 2.5: Experimentally determined scans for the analysis of each substrate or product used
throughout this research.

Product/ Precursor mass Retention
Compound Type of scan
(m/z) time (min)

Product ion scan 212

Resorufin Precursor ion scan 155 98
MRM 212>155
Product ion scan 388
Resorufin
Precursor ion scan 212 8.0
glucuronide
MRM 388>212

Product ion scan 138

p-Nitrophenol Precursorion scan 108 8.7
MRM 138>108
Product ion scan 218
Nitrophenyl
Precursor ion scan 138 6.9
Sulfate
MRM 218>138
Product ion scan 242
7-Ethoxy
Precursor ion scan 212 11.0
resorufin
MRM 242>214
2.7. Statistical analysis

Normal distribution and homogeneity for the data was assessed using a Shapiro-Wilk
test and Levene test respectively using SPSS version 28.0. Parametric data was
analysed using a One-way ANOVA with Bonferroni post hoc test. All samples that

statistical analysis was undergone were analysed in triplicate. Values of p<.05 were
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significant. Figures were denoted with significance stars *, ** and *** indicating <0.05,

<0.01 and <0.001 respectively.
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3. Optimisation of mass spectrometry for
the determination of phase Il metabolites
and their precursors via LC-TQ-MS

3.1. Introduction

Many analytical techniques for resorufin are based on the compound’s highly
fluorescent nature. These include fluorescence spectroscopy and fluorescence plate
reader-based methods.52 258-261 The amount of resorufin in a sample can be quantified
by comparison to a calibration curve, and the conversion of resorufin can be measured
as a loss of fluorescence. However, this approach has limitations, since the reduction
in fluorescence only confirms the loss of resorufin from the sample but does not
measure the formation of a specific reaction product. Thus, it is not possible to
determine exactly which products are formed, which is particularly desired when
studying more complex substrates that can result in a variety of isomers and/or
multiply conjugated compounds.

Mass spectrometry is well suited to study product formation. It is widely used in
synthetic chemistry and has also been applied for the analysis of naturally formed
metabolites.?%? 263 However, many studies so far have focussed on the rate at which
resorufin is metabolised rather than aiming at measuring a specific product formed.
Methods for the separation of resorufin from its respective metabolites are generally
lacking with the majority of them focussing on the use of UPLC. LC-TQ-MS is
particularly applicable for metabolite identification due to the integration of a

chromatographic separation with compound identification via MS-MS fragmentation
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and can allow for potential visualisation of short-lived products and intermediates. This
gives significantly more confidence in the data obtained alongside some structural
insight.

A Q1 scan measures any ions passing through the first quadrupole (Q1) allowing for
depiction of any ionisable compounds within a solution. A Q3 scan measures any
fragmented compounds after entering the collision cell the Q1 is not used in this scan
and the Q3 allows any ions to enter the detector. A Q1 and Q3 single ion monitoring
scan (SIM) only lets one specific m/z to the detector. This increases the overall
sensitivity but does not provide any characteristics of the analyte. The product ion scan
Is vital for metabolite identification as it provides much more characteristic information
that allows for a direct comparison to a known compound. This involves setting the Q1
to a specific m/z (comparable to the SIM and typically the parent ion of the analyte)
but allows for any ions to enter the detector after entering the collision cell, this enables
visualising of each ionised fragment that is formed. Precursor ion scan effectively does
the reverse in which Q3 is set to a specific ion and only shows ions that caused this
fragment to be formed. Multiple reaction monitoring (MRM) is the most sensitive of
these scans but requires both the parent ion m/z and the m/z of a fragment formed.
As both Q1 and Q3 are set to a defined m/z value no scanning is required, thus
increasing the overall intensity. The final scan, neutral loss, measures any ions that
enter Q1, and a specific mass is lost upon fragmenting in the collision cell and
measured by Q3. This is also beneficial for determining metabolites and can be used
to differ between multiply conjugated products. These scans have their own benefits

and applications as described in Table 3.1.

Table 3.1: Settings for different scans on LC-TQ-MS and their applications. Q1 and Q3 scan
measure all ions that enter their respective detector, Q1 and Q3 SIM measure a specific m/z
entering the respective detector, product ion scan measures fragments of a specific known
parent ion, precursor ion scan measures from a fragment back and determines previous
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fragments and parent ions, MRM measures a specific fragmentation from both the parent ion
to a known fragment ion and a neutral loss scan which measures all masses that 80 mass
units are lost between the Q1 and Q3 detectors.

Scan Q1 setting Q3 setting Application
Q1 scan Entire m/z N/A Determining parent ions/finding
range contaminants
Q3 scan N/A Entire m/z Determining parent ions allowing for
range fragmentation
Q1 SIM Single m/z  N/A Calibration curves of a known
Q3 SIM N/A Single m/z  Calibration curves of a known
ProlS Single m/z | Entire m/z Can allow the determination of the structure
range of the parent ion.
Identify fragmentations which can be used
for quantification by MRM.
PrelS Entre m/z Set to a Confirmation of specific functional groups
range single m/z
MRM Single m/z | Single m/z | Trace detection and calibrations
of known compounds
Neutral Entire m/z Entire m/z Detection of characteristic fragmentations,
loss scan range range i.e., sulfation loss of 80 m/z units
3.2. Methods

Optimisation of fragments and collision energy

Resorufin, resorufin glucuronide, nitrophenol, nitrophenyl sulfate and 7-ethoxyresorfin
(10 pL at 1 uM) were injected into an LC-TQ-MS system with the column removed. Q1
scans, product ion scans, MRM scans and optimisation for collision energy were
applied in turn. Initially the parent/major ions were determined in both positive and
negative mode using the Q1 scan irrespective of the analytes’ inherent structure, and
the fragments 58emainned were optimised using the inbuilt LabSolutions software’s

function “optimisation for collision energy”. Throughout the initial optimisation the
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column was removed and 10 pL of resorufin (1 M) was injected to directly into the
MS. This bypassed long retention times whilst optimising the scans and also reduced
solvent use. The approach was also followed for all single compound analysis.
Determining a compound’s parent/major ions was necessary for further optimisation,
as the next step being a product ion scan requires setting the Q1 to its measured value
to see which fragments are formed which in turn are applied within the MRM scan.
Finally, the scan yielding the highest intensity and most visible peak was chosen in
order to yield the highest sensitivity. The initial predicted m/z found for each analyte
were their parent ions, either 1 m/z more or less depending on whether positive or
negative mode was utilised. With the chosen analytes both the sulfates and

glucuronides have an expected neutral loss of 80 m/z and 176 m/z, respectively.?64
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Isocratic flow

The same concentration (100 uM) of both resorufin and resorufin glucuronide were

analysed in both positive and negative mode using an isocratic flow as described in

Table 3.2. Theisocratic method was developed based on a similar study by Johansson

et al. but further developed via previous studies on a HPLC equipped with a

fluorescence and absorbance detector (data not shown).25°

Table 3.2 Liquid chromatography and HPLC parameters and conditions for the analysis of

metabolites

Column

Shim-pack GISS HP (C18)

Oven temperature

40 °C, Shimadzu CTO-20AC

Injection volume

10 pL

Eluent A 0.1 % Formic Acid in Water
Eluent B 0.1% Formic Acid in Acetonitrile
Composition A: B 30:70

Flow rate 0.5 ml min-!

Autosampler

Shimadzu Nexera X2 SIL-30AC

Spray voltage

2.32 kv

Capillary temperature

250 °C
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Gradient flow

In turn all substrates, resorufin, resorufin glucuronide, nitrophenol, nitrophenyl sulfate
and 7-ethoxyresorufin, were studied using the gradient method described in

Table 3.3 at 100 uM. This gradient method was initially developed to allow the removal
of any unwanted highly hydrophilic compounds, such as the substituents of the
phosphate buffer used and the slow increase in polarity will allow for the separation of
similar structured metabolites and precursors. A visualised gradient is shown in Figure
3.1.

Table 3.3: Isocratic mode parameters utilised for both positive and negative mode.

Column Shim-pack GISS HP (C18)
Oven temperature and controller 40 °C, Shimadzu CTO-20AC
Injection volume 10 uL

Eluent A 0.1 % Formic Acid in Water
Eluent B 0.1% Formic Acid in Acetonitrile
Time Composition A: B

0 min 95:5

3 min 95:5

10 min 25:75

20 min 25:75

22 min 95:5

25 min 95:5

Flow rate 0.5 ml min-!
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Autosampler Shimadzu Nexera X2 SIL-30AC

Spray voltage 2.32 kV

Capillary temperature 250 °C

Water (%)
(%) 1oueyap

10 15
Time (min)

Figure 3.1: Visualisation of gradient used for LC-MSMS analysis.
3.3. Results and Discussion

Resorufin

Q1 scan

A Q1 scan measures all ions that pass through the initial quadrupole. This approach
minimises in-source fragmentation and does not include collision induced
fragmentation that can occur within the collision cell in Q2 prior to entering Q3. A
schematic of a general TQ-MS is shown in Figure 2.3. The parent ions of resorufin are
shown in Figure 3.2. A Q1 scan was conducted on resorufin in positive mode (Figure
3.3a) and negative mode (Figure 3.3b). Both feature a large peak containing all
masses entering the detector in a single trace at the beginning of the scan. The mass
spectra of these peaks show the expected parent ions for resorufin, 214 m/z for

positive mode (Figure 3.3c) and 212 m/z for negative mode (Figure 3.3d), respectively.
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These parent ions were taken forward for MS-MS analysis to determine the fragments

formed.

a)

L.

Resorufin negative ion
Molecular Weight: 212.18

b)

N
JOOOR
*H,0 0 o)

Resorufin positive ion
Molecular Weight: 214.20

Figure 3.2: (a) Structure of expected resorufin negative ion and (b) the positive ion (b).
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Figure 3.3 (a) Signal traces from injection of resorufin into the MS obtained in positive mode
and (b) negative mode using a Q1 scan. (c) Mass spectrum of the area under the peak in (a),
and (d) under the peak in (b).

Product ion scan
During a product ion scan, Q1 is set to a predetermined m/z and all fragmentations

formed within the collision cell from that m/z are passed to the second quadrupole
(Q3). Here, Q1 was set to 214 m/z in positive mode (Figure 3.4a) and 212 m/z in
negative mode (Figure 3.4b). The mass spectra from the signal peaks in both positive
mode (Figure 3.4c) and negative mode (Figure 3.4d) yielded multiple fragments. The
expected major ions found for negative mode were 214, 186 and 103 m/z, and for
positive mode 212, 155 and 118 m/z as found using CFM-ID fragmentation prediction

software,266-270
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Figure 3.4: (a) Signal traces from injection of resorufin into the MS obtained in positive mode
and (b) negative mode using a product ion scan. (c) Mass spectrum of the area under the
peak in (a). (d) Mass spectrum of the area under the peak (b).

Multiple reaction monitoring (MRM) scan
The next step was to conduct a multiple reaction monitoring (MRM) scan to show that

these fragments are due to fragmentation from the pre-determined parent ion and not
any potential contaminations within the resorufin standard whilst also providing a large
increase to intensity. During an MRM scan, both quadrupole 1 and quadrupole 3 are
set to a specific m/z. Both of these m/z were previously determined from the Q1 scan
and the product ion scan, with significant peaks produced in positive mode being the
identified transitions at 214>186 m/z (Figure 3.5a) and a 214>103 m/z (Figure 3.5a).
Compatratively, the transitions in negative mode, 212>108 m/z (Figure 3.5c) and

212>155 m/z (Figure 3.5d) should provide peaks based on the mass spectrum in
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Figure 3.4. The chosen fragmentations from the section above was applied to an MRM

scan.
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Figure 3.5: (a) Signal traces from injection of resorufin into the MS obtained in positive mode
set to 214>103 and (b) 214>186 m/z and in negative mode (c) 212>108 m/z and (d) 212>155
m/z.

All four of these spectra provided a peak in the MRM scan so all of the fragmentations
were carried forward to determine the optimum fragmentation. This was the
fragmentation that provided the highest intensity and peak area as this provided a
higher signal over the background at a comparable concentration, allowing for an
improved sensitivity. With these transitions being, 214>103 m/z (Figure 3.5a) or
214>186 (Figure 3.5b) for positive mode, and 212>118 (Figure 3.5c) or 212>155 m/z
(Figure 3.5d) for negative mode. The optimum of either of these scans can be used
dependant on the respective conjugated moiety’s optima, preventing a loss of

instrument sensitivity when utilising both positive and negative mode simultaneously.
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In turn, determining which of these scans yielded the highest intensity was the next

step.

Optimisation of collision energy

The LabSolutions software on the mass spectrometer provides an option to optimise
the collision energies for a specific MRM. The collision energy has a large effect on
determining the degree of fragmentation the molecule entering the collision cell
undergoes. Therefore, optimising the collision energy has a significant effect on the
fragment ions that are measured. A lower collision energy may not ionise the
compound, and a higher collision energy may significantly fragment the molecule
before it enters the detection region. Both a broad and an in-depth collision energy
optimisation was conducted on the previously determined m/z transitions in positive
mode at 214>103 (Figure 3.6a-b, respectively) , 214>186 (Figure 3.6c-d respectively)
and negative mode at 212>108 (Figure 3.6e-f respectively) and 212>155 m/z (Figure
3.6g-h) for negative mode measurements in order to increase the overall sensitivity of

the method.
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Figure 3.6: (a) Signal traces from injection of resorufin into the MS optimising the collision
energy for the fragmentation in positive mode set to 214>103 m/z using a broad scan and (b)
a detailed scan between -30 to -40 eV and 214 to 186 m/z using (c) a broad scan and (d) a
detailed scan between -20 to -30 eV. In negative mode it was set to 212>118 m/z using | a
broad scan and (f) a detailed scan between 30 to 40 eV and 214>186 m/z using (g) a broad
scan and (h) a detailed scan between 30 to 40 eV.
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The figures above are in pairs (a/b, c/d, e/f and g/h) with the former being a broad scan
varying between 10 to 50 or -10 to -50 eV (with intervals of 5 eV) dependant on the
mode of the detector and the latter being an in-depth scan. The mass spectrometer
automatically determined the optimum collision energy dependant on the peak area of
the resulting spectrum and applied it to the method being used. These four different
optimised spectrum 214>103 (Figure 3.6a-b), 214>186 (Figure 3.6¢-d) using positive
mode and 212>118 (Figure 3.6e-f), 212>155 m/z (Figure 3.6g-h) for negative mode,
were compared and the fragmentations 214>186 and 212>155 yielded a larger peak
than their respective mode counterpart. The optimum collision energy for these scans
Is described in Table 3.4

Table 3.4: Measured optimum collision energy (eV) for resorufin at all tested fragmentations.

Fragmentation (related in Figure 3.6) | Optimum collision energy
214>103 m/z (a/b) -34 eV

214>186 (b/c) 24 eV

212>118 (d/e) 36 eV

212>155 (f/g) 33 eV

Resorufin glucuronide

Q1 scan

The parent ions of resorufin glucuronide are shown in Figure 3.7. A Q1 scan was used
to determine the parent/major ions as previously described in the section 1.3 for
resorufin glucuronide in both positive mode (Figure 3.8a) and negative mode (Figure

3.8h).
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Resorufin Glucuronide positive ion

Molecular Weight: 390.32
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Resorufin Glucuronide negative ion
Molecular Weight: 388.31

Figure 3.7: (a) Expected parent ions for resorufin glucuronide for both positive and (b) negative
mode.
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Figure 3.8: (a) Signal traces from injection of resorufin glucuronide into the MS obtained in
positive mode and (b) negative mode using a product ion scan. (c) Mass spectrum of the area
under the peak in (a). (d) Mass spectrum of the area under the peak (b).

The areas under the peaks observed for the Q1 scan of resorufin glucuronide in both
positive mode (Figure 3.8a) and negative mode (Figure 3.8b) to find the parent/major
ion to allow further optimisations (Figure 3.8c and d respectively). A very small mass
of 383 m/z was observed in positive mode, and in negative mode the expected parent
ion was found at 388 m/z. These two masses were carried forward into the product
ion scan. Alongside these two masses, a third was found at 212 m/z which is likely to
be due to resorufin, with a common glucuronide loss of 176 mass units prior to entering

the detector. Thus, was not carried forward for further optimisation.
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Product ion scan

Similarly to the resorufin section, both positive and negative mode product ion scans
were applied to allow determination of which fragments are formed upon undergoing
collision induced fragmentation. As only one mass was visible in each mode, they were
both implemented into a product ion scan to measure which fragments are observed
and viable for MRM scans. The precursor ions selected for this scan were determined
in the Q1 scan, 383 m/z in positive mode (Figure 3.9a&c) and 388 m/z in negative

mode (Figure 3.9b&d).
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Figure 3.9: (a) Signal traces from injection of resorufin glucuronide into the MS obtained in
positive mode at 383 m/z and in (b) negative mode at 388 m/z. (c) Mass spectrum of the area
under the peak in (a). (d) Mass spectrum of the area under the peak (b).

The positive mode product ion scan chromatogram (Figure 3.9a) unexpectedly

showed two peaks, only one of which provided a large singular mass differentiable
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from the background (Figure 3.9c) which was 165 m/z. Whereas, the negative mode
chromatogram (Figure 3.9b) provided an expected singular large peak. This singular
peak provided the expected mass fragment at 212 m/z (Figure 3.9d). These
fragmentations (383>165 and 388>212 m/z) were then implemented into an MRM

scan to ensure they were measured by the detector.

MRM scan

The MRM scan for both 383>165 and 388>212 for the same motivations as mentioned

previously 5 shown in Figure 3.10.
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Figure 3.10: (a) Signal traces from injection of resorufin glucuronide into the MS obtained in
positive mode set to 383>165 m/z and (b) negative mode set to 388>212 m/z using an MRM
scan.

As expected both spectra provided peaks, with the positive mode MRM providing two
peaks (Figure 3.10a) and the negative mode yielding one large peak (Figure 3.10b),
both of which comparable to their respective product ion scans in Figure 3.9. Both
peaks were investigated in order to determine which provided the highest sensitivity.
This involved determining which provided the least broad peak, the largest intensity
value, and the largest peak area. Although, prior to optimisation the transition from

383>165 m/z provides a double peak which may affect its overall applicability.
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Optimisation of collision energy

The same optimisation as previously conducted for resorufin was used on the two

precursor to fragment transitions, 383>165 (Figure 3.11a) and 388>212 m/z (Figure

8x10*° 8x10°%
6x107 6104
106V ey
e
- 158V 27eV
H = I =
w - w -
24x10° 3w Eax10® “50ev
£ - 35eV E - 31eV
-y | S
:59 :V :34 SV
2x10'® 2% 10" / -35eV
0x 10" 0d=—r T ¥ T " T 0x 10" 0d=—r j T T T T T
0.0 0.1 0.2 0.3 0.4 05 0.0 0.1 02 0.3 0.4 05
Time (min) Time (min)
1.0x1077 1.0x10%
7.5%x10° 7.5x10"
10ev SV
15 eV =326V
H By s S
"] - "] —-—
£50x10"°1 “5ev £50x10 gy
£ =35eV E = 36eV
= —40eV — ' —-37eV
= \ B2
2.5%10°° 25x10'° \ 40V
\
g
" " —_—
0010751 01 0.2 03 0.4 0.5 0.0>107 0.1 0.2 0.3 04 0.5
Time (min) Time (min)

Figure 3.11: (a) Signal traces from injection of resorufin glucuronide into the MS optimising
the collision energy for the fragmentation in positive mode set to 383>165 m/z using a broad
scan and (b) a detailed scan between -25 to -35 eV and in negative mode set to 388>212 m/z
using (c) a broad scan and (d) a detailed scan between 30 to 40 eV.

The broad scans for both positive (Figure 3.11a) and negative mode (Figure 3.11c)
were automatically analysed by the LabSolutions software and applied to the in
detailed scans (Figure 3.11c and Figure 3.11d respectively). Determining that a point
between 25 and 35 eV would yield the optimum fragmentation in positive mode (Figure

3.11b) and 30 to 40 eV in negative mode (Figure 3.11d). Both of these fragmentations
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provided a peak. However, as with previously the transition from 388>212 yielded a
singular peak with an optimum collision energy of 34 eV (Figure 3.11d), and 383>165
provided 2 peaks at its optimum collision energy of 30 eV (Figure 3.11b). The optimum
collision energies for these scans are described in Table 3.5. The next step was
optimising the separation between these two compounds, resorufin and resorufin
glucuronide.

Table 3.5: Measured optimum collision energy (eV) for resorufin glucuronide at all tested
fragmentations.

Fragmentation (relation to Figure 3.11) | Optimum collision energy

383>165 (a/b) -30 eV

388>212 (c/d) 34 eV

Mixture of resorufin and resorufin glucuronide

Conducting a run with the column implemented by injecting a mixture of both analytes
(10 pL of 1 uM) was then necessary. As once metabolised both product and precursor
may be contained within the effluent being measured. Although it is not necessary
when using LCMS-MS to separate analytes, this was a large focus on the optimisation
of these compounds due to the metabolism focus throughout the rest of this thesis.
Typically, a substrate undergoing metabolism will not yield one single substrate and

determining which one is formed is difficult.

HPLC isocratic separation of resorufin and resorufin glucuronide

In order to detect a mixture of resorufin and resorufin glucuronide simultaneously an
isocratic method was conducted using standards and is described below (Table 3.6),

these scans and calibration curves for positive (Figure 3.12) and negative mode
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(Figure 3.13). Equal volumes (10 pL) of resorufin and resorufin glucuronide (100 puM)

were mixed and then directly injected and analysed using the detector parameters

optimised through Resorufin and Resorufin glucuronide sections.

Table 3.6: LCMS parameters for isocratic method.

Column

Shim-pack GISS HP (C18)

Oven temperature

40 °C, Shimadzu CTO-20AC

Injection volume

10 uL

Eluent A 0.1 % Formic Acid in Water
Eluent B 0.1% Formic Acid in Acetonitrile
Composition A: B 30:70

Flow rate 0.5 ml min-t

Autosampler

Shimadzu Nexera X2 SIL-30AC

Spray voltage

2.32 kv

Capillary temperature

250 °C
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Figure 3.12: (a) Signal traces from injection of a mixture containing resorufin and resorufin
glucuronide into the LC-TQ-MS in positive mode obtained in precursor ion scan set to 214
m/z, (b) a product ion scan set to 383 m/z mode and (c) an MRM scan at 383>165 m/z with
(d) a calibration curve created using data shown in (a), line of best fit only up to 0.25 uM as
this is the linear portion of the graph.9.

Two of the tested scans yielded large peaks for both compounds within the precursor
ion scan at 214 m/z (Figure 3.12a) and the previously optimised MRM set to 383>165
m/z (Figure 3.12c) and a singular peak was found utilising a product ion scan set to
383 m/z. These showed very little separation between the peaks and linearity was only

observed up to 0.25 uM whilst providing an R? of 0.9769 (Figure 3.12d).
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Figure 3.13: (a) Signal traces from injection of a mixture containing resorufin and resorufin
glucuronide into the LC-TQ-MS in negative mode obtained in precursor ion scan set to 212
m/z, (b) an MRM scan set to 388>212>m/z and (c) a product ion scan set to 212 m/z mode
and with (d) a calibration curve created using data shown in (a) with concentration varying
from 100 uM to 15.6 nM in serial dilution by half, line of best fit only goes up to 0.25 uM as this
is the linear portion of the graph.

Similarly to the positive mode, three different scans were compared to determine the
amount of separation between these two compounds and a comparable amount of
separation was observed. The linear range for these logarithmic concentrations was
also up to 0.25 pM with an R? of 1.00 but no linearity is measured beyond this point,
as shown in Figure 3.13.

As can be seen from the chromatograms in both positive (Figure 3.12) and negative
mode (Figure 3.13) the resorufin glucuronide peak was observed at 1.2 min with the
resorufin peak at 1.6 mins yielding very little resolution. Due to this low resolution. the

calibration curve in positive mode provides some linearity, severely hindering this
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method at higher concentrations due to the potential for overlap between the two
peaks. For negative mode a much higher correlation of data is found with an r? of
0.9769 for positive mode (Figure 3.12d) and an r? of 1.00 on negative mode (Figure
3.13d) both of which only linear until 0.25 uM. This is not optimal for the determination
of concentration of resorufin glucuronide within a sample collected throughout this
thesis, due to its potential concentration up to 100 uM prior to dilution. There is a large
potential for improvement with the resolution of these two compounds. Using a
gradient could also potentially allow for increased separation between the matrix and
the two analytes themselves, which may also improve the linearity of the calibration

curves.

Gradient HPLC separation of resorufin and resorufin glucuronide

Due to the constraints of the isocratic method, the gradient method described below
(Table 3.7) was tested using the same scans as previously (Figure 3.14a-c) with a
calibration curve to allow for product quantification (Figure 3.14d). Negative mode was
continued through all subsequent experiments due to an improved peak shape and

reduced peak tailing.

Table 3.7: LCMS parameters for gradient method.

Column Shim-pack GISS HP (C18)

Oven temperature and controller 40 °C, Shimadzu CTO-20AC
Injection volume 10 uL

Eluent A 0.1 % Formic Acid in Water
Eluent B 0.1% Formic Acid in Acetonitrile
Time Composition A: B
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0 min 95:5

3 min 95:5

10 min 25:75

20 min 25:75

22 min 95:5

25 min 95:5

Flow rate 0.5 ml min

Autosampler

Shimadzu Nexera X2 SIL-30AC

Spray voltage 2.32 kV
Capillary temperature 250 °C
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Figure 3.14: (a) Signal traces from injection of a mixture containing resorufin and resorufin
glucuronide into the LC-TQ-MS in negative mode obtained in precursor ion scan set to 212
m/z, (b) an MRM scan at 388>212 m/z and (c) a product ion scan at 212 m/z with (d) a
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calibration curve created using data shown in (a) with varying concentration from 100 pM to
15.6 nM in serial dilution.

The precursor ion scan (Figure 3.14a) and product ion scan (Figure 3.14b), both of
which were set to 212 m/z, showed a much higher resolution between resorufin
glucuronide’s (8.0 mins) and resorufin’s (9.8 mins) respective retention time alongside
comparable linearity between concentration of resorufin glucuronide and peak area,
with an r2 of 1 in the negative mode isocratic method (Figure 3.13d) and 0.9996 in the
equivalent gradient method (Figure 3.14d). However, the maximum linear point on the
calibration curve for the isocratic method was found at 0.25 uM, and the gradient did
not show plateauing even at 100 uM. Due to the highly improved separations and
largely improved upper limit, higher concentrations could be measured due to the
improved gap in retention times whilst also allowing a more accurate confirmation of
product formation.

This method was carried forward for all subsequent experiments as sufficient

separation and sensitivity was found within the expected range of product formed.

Nitrophenol

Initially, the intention was to focus on the metabolism or formation of resorufin utilising
the three enzymes (UGTlal, SULT1lal and CYPlal). However, upon further
analysing standards for resorufin, a resorufin sulfate like peak was found at the
expected retention time. Due to the lack of availability for a resorufin sulfate standard,
a true confirmation of product formation would not be viable using resorufin as a
substrate. Due to this, another commonly utilised substrate for the formation of

sulfated compounds was used being nitrophenol into nitrophenyl sulfate.
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Nitrophenol is a commonly used metabolite for sulfated metabolites due to its
reactively available hydroxyl group and ease of measurement in mass spectrometry.
This compound was used to show that the synthesis of nitrophenyl sulfate was viable
within the devices shown in section 2.2. The determination of optimum parameters for
the measurement of this compound in LC-TQ-MS was also necessary for a proof of

product formation upon enzymatic conversion.

Q1 scan

The parent ions of p-nitrophenol are shown in Figure 3.15. A Q1 scan in both positive
mode (Figure 3.16a) and negative mode (Figure 3.16b) was used to determine parent
and major ions as mentioned previously in the resorufin section. The next step was
optimising the separation between these two compounds, p-nitrophenol and p-

nitrophenyl sulfate.

OH
p-nitrophenol positive ion

Molecular Weight: 140.12

b)

o
p-nitrophenol negative ion

Molecular Weight: 138.10

Figure 3.15: (a) Expected parent ions for p-nitrophenol for both positive and (b) negative mode.
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Figure 3.16: (a) Signal traces from injection of p-nitrophenol into the MS obtained in a Q1 scan
in both positive mode and in (b) negative mode. (c) Mass spectrum of the area under the peak
in (a) and (d) Mass spectrum of the area under the peak (b).

For both positive mode (Figure 3.16a) and negative mode (Figure 3.16b) one large
peak was observed; the average spectrums under these peaks are shown in Figure
3.16¢c and d respectively. As shown in Figure 3.16c¢, no specific relevant fragment
stands out or has a large intensity, but in Figure 3.16a large m/z at 138 was found.
This mass is likely due to be the parent ion for p-nitrophenol as its molecular mass is
139 g molL. In order to determine the common fragmentations, a product ion scan was
needed which in turn will allow for a proof of product due to the specific fragments
undergone by nitrophenol and its respective sulfated metabolite nitrophenyl sulfate in

a mixture.
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Product ion scan

A product ion scan for 138 in negative mode (Figure 3.17) was then conducted to

determine the fragmentations that are observed from the masses determined in the

108
miz

138
miz

Q1 scan.
a) b)
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2% 1061
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.g @ .8
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Figure 3.17: (a) Signal traces from injection of nitrophenol into the MS obtained negative mode
using a product ion scan set to 138 m/z and the mass spectrum of the area under the peak in

().

A single large peak was observed in the chromatogram for product ion scan set to 138

m/z (Figure 3.17a) and the area under this curve was used to create Figure 3.17b.

Which shows the parent ion for nitrophenol (138 m/z) as well as a potential fragment

ion at 108 m/z. In order to further test this fragment MRM was measured.

MRM scan

An MRM scan for the observed transition at 138>108 (Figure 3.18) was conducted on

the same standard (nitrophenol) to determine if this specific fragmentation was

measured.
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Figure 3.18: Signal traces from injection of nitrophenol into the MS obtained in negative mode
using an MRM set to 138>108 m/z.

The MRM scan for 138>108 (Figure 3.18) yielded a large singular peak as expected.
The next step was to undergo fragment optimisation using the inbuilt optimisation

setting on the Shimadzu LabSolutions software.

Optimisation of collision energy

The optimisation method on the Shimadzu LabSolutions software (Figure 3.19) was

applied to the previously determined MRM scan (Figure 3.18).
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Figure 3.19: (a) Signal traces from injection of nitrophenol into the MS optimising the collision
energy for the fragmentation in negative mode set to 138>108 m/z using a broad scan and (b)
a detailed scan between 35 to 45 eV.
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A broad optimisation for the transition from 138>108 m/z (Figure 3.19a) with varying
collision energy between 10 and 50 eV determined that a point between 35 and 45 eV
provided the highest peak area and intensity, and then automatically measured a
detailed fragmentation (Figure 3.19b) between these points and determined that the
optimum collision energy was found to be 37 eV. Determination of retention time using

the method described for resorufin and resorufin glucuronide was then followed.

Retention time determination

The retention time was then determined using the gradient method described in Table

3.7 and is shown in Figure 3.20.
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Figure 3.20: (a) Signal traces from injection of nitrophenol into the MS obtained in negative
mode using a Q1 scan, (b) a product ion scan set to 138 m/z (c) an MRM scan set to 138>108
m/z and (d) Mass spectrum of the area under the peak (b).
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The retention time for nitrophenol was determined to be 8.7 minutes in all scans
optimised previously within this section, Q1 scan (Figure 3.20a), product ion scan
(Figure 3.20b) and MRM (Figure 3.20c). This was confirmed by comparing the product
ion scan in the optimisation section (Figure 3.17b) to that measured under this

retention time (Figure 3.20d).

The mass spectrum of p-nitrophenol was also measured by Han et al (2008). finding
three major peaks were formed in positive mode, the parent ion 139 m/z, a peak at
109 m/z and another at 65 m/z?’L. This is similar to the findings from the spectrum
measured in this study. However, the peak at 65 m/z was not measured due to the
detector being set to scan between 100 and 1000 m/z. The expected fragmentations
based on common fragmentation pathways are shown in Table 3.8

Table 3.8: Summary of expected fragments for p-nitrophenol based on common fragmentation
pathways simulated using CFM-I1D.266-270

Expected | Molecular
Mode loss weight Expected molecule
(m/z) (g molY)
I
N+
Negative |0 138 o
o
H,N
Negative | 30 108
o
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Nitrophenyl sulfate

Q1 scan

The parent ions of p-nitrophenol are described in Figure 3.21. As previously carried
out in the resorufin analysis, in order to determine the major masses and/or the parent
ion, a Q1 scan was conducted on nitrophenyl sulfate in positive mode (Figure 3.22a)

and negative mode (Figure 3.22Db).

0]
o
\
~
o\
O
p-nitrophenyl sulfate negative ion

Molecular Weight: 218.16

O]
OH,*
\ o
o N\
O
p-nitrophenyl sulfate positive ion

Figure 3.21: (a) Expected parent ions for p-nitrophenyl sulfate for both positive and (b)
negative mode.
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Figure 3.22: (a) Signal traces from injection of nitrophenyl sulfate into the MS obtained using
a Q1 scan in positive mode and (b) negative mode. With (c) Mass spectrum of the area under
the peak in (a). (d) Mass spectrum of the area under the peak (b).

No peak was observed in positive mode and the expected parent ion was not observed
in the mass spectrum (Figure 3.22a&d). Whereas a large singular peak was observed
in negative mode (Figure 3.22b).

By visualising the masses for the areas under the curve it was possible to observe the
parent/major ions for nitrophenyl sulfate. In positive mode no specific ion was
obviously relevant (Figure 3.22c). Due to nitrophenyl sulfates molecular mass of 219
g mol?, the expected ion for negative mode was 218 m/z which was found alongside
the mass 138 m/z (Figure 3.22d). The mass at 138 m/z is likely to be due to in source
fragmentation, as it is what would be expected for the loss of the sulfate ion and is the

same as that which was seen for p-nitrophenol.
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Product ion scan

As previously, a product ion scan was conducted in order to determine the likely

fragments for MRM using the parent ion for nitrophenyl sulfate 218 m/z (Figure 3.23).
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Figure 3.23: (a) Signal traces from injection of nitrophenyl sulfate into the MS obtained in
negative mode using a product ion scan at 218 m/z and (b) Mass spectrum of the area under
the peak in (a).

A large singular peak was found as expected (Figure 3.23a). As expected, the
spectrum under the curve (Figure 3.23b) showed the masses found upon
fragmentation are 138 and 108 m/z. 138 m/z is likely to be due to a loss of the sulfate
ion, and 108 m/z is likely to be due to further fragmentation of the nitrophenol ion as it
concurs with that observed previously in the nitrophenol optimisation section (Figure
3.17d). An MRM fragmentation was then used to ensure these masses were

measured by the detector. The expected fragmentations are described in Figure 3.24.

I I
N N HoN
o o e
\_o —» —
S
N\ . .
(¢}
p-nitrophenyl sulfate p-nitrophenol 4-aminophenolate

Molecular Weight: 218.16 Molecular Weight: 138.10 Molecular Weight: 108.12

Figure 3.24: Parent ion (p-nitrophenyl sulfate’) and the expected fragmentations
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MRM scan

An MRM (Figure 3.25) was conducted on the observed fragmentations of nitrophenyl

sulfate to ensure the fragmentations provided a peak as expected.

1.5x1077 2.5x10""7
2.0x1074
1.0x1071
2 215x10"7
7] [}
8 g
7
£ . Z1.0x10
5.0x 104
5.0x10°
+0 <0
0-0x10708 0.1 0.2 03 0.4 05 00x107TTS 0.1 0.2 0.3 0.4 05
Time (min) Time (min)

Figure 3.25: (a) Signal traces from injection of nitrophenyl sulfate into the MS obtained
negative mode using an MRM scan at 218>108 and (b) 218>138 m/z at 383 m/z.

As both fragmentations (218>138 and 138>108) provided a peak they were carried
forward for optimisation of the collision energy. The MRM fragmentation for 218>138
m/z saturated the detector so would provide the highest overall sensitivity at these
settings. However, upon undergoing collision energy optimisation the fragmentation

for 218>108 may yield a higher sensitivity.

Optimisation of collision energy

The collision energy for these fragmentations was then optimised for both
fragmentations (Figure 3.26) using the inbuilt function on the Shimadzu LabSolutions

software.
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Figure 3.26: (a) Signal traces from injection of nitrophenyl sulfate into the MS optimising the
collision energy for the fragmentation in negative mode set to 218>108 m/z using a broad scan
and (b) a detailed scan between 25 to 35 eV and 218>138 m/z using (c) a broad scan and (d)
a detailed scan between 15 to 25 eV.

As can be seen from the chromatogram, the optimum fragmentation is 218 to 138 m/z
with its optimum collision energy at 23 eV as this saturated the detector (Figure 3.26a-
b). Whereas the fragmentation from 218 to 108 m/z has a much lower intensity and
did not saturate the detector (Figure 3.26c-d). Due to the extreme sensitivity,
optimising the fragmentation from 218 to 138 m/z using a lower concentration was not
necessary as the expected amounts of product were approximately equivalent
concentration to that of the concentration implemented within this scan. The
determination of retention time upon being implemented with the same gradient

method as all previous analytes was the next step.

92



Retention time determination

The retention time was then determined using the gradient parameters described in

Table 3.7 for the separation and proof of product formed for comparison with p-

nitrophenol and is shown in Figure 3.27.
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Figure 3.27: (a) Signal traces from injection of nitrophenyl sulfate into the MS obtained in
negative mode using a Q1 scan, (b) a product ion scan at 218 m/z, (c) an MRM scan at
218>108 m/z and (d) 218>138 m/z, | Mass spectrum of the area under the peak in (a) and (f)
the area under the curve in (b).
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The retention time for nitrophenyl sulfate was 7 minutes in all of the scans conducted,
l.e., Q1 scan (Figure 3.27a), product ion scan at 218 m/z (Figure 3.27b) and MRM
scans set to both 218>108 (Figure 3.27c) and 218>138 m/z (Figure 3.27d).
Comparatively to the separation between resorufin glucuronide and resorufin, based
on the retention times of the respective compounds, high separation was found from
p-nitrophenol at 8.7 minutes (Figure 3.20) alongside the scans for the area under the
curves for both Q1(Figure 3.27e) and product ion scan (Figure 3.27f) are comparable
to those found in the optimisation section (Figure 3.23). This finding allows for proof of
substrate remaining and product confirmation, alongside the alternative scans that

were used throughout this optimisation.

The mass spectrum of p-nitrophenyl sulfate was also measured by Draper et a (1989).
finding two major peaks formed one of which being 218 m/z and the other being 139
m/z272. This is comparable to what was found in this study, although one further
fragment was found at 108 m/z in this research. The expected fragments for p-

nitrophenyl sulfate are shown in Table 3.9
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Table 3.9: Summary of expected fragments for p-nitrophenyl sulfate based on common

fragmentation pathways simulated using CFM-ID.266-270

Expected | Molecular
Mode loss weight Expected molecule
(m/z) (g molt)
ﬁ
N+
'O/
Negative | O 218 o o
\
o N\
o)
I
N+
Negative | 80 138 'o/
o

7-Ethoxyresorufin

For the final enzymatic reaction studied in this thesis, CYP1A-mediated diacylation of
7-ethoxyresorufin into resorufin, the optimum parameters for the measurement of 7-
ethoxyresorufin was required. LC-TQ-MS detection of resorufin had been previously

optimised as described above.
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Q1 scan
The expected parent ion of 7-ethoxyresorufin is shown in Figure 3.28. A Q1 scan of 7-

ethoxyresorufin was conducted in both positive mode (Figure 3.29a) and negative

mode (Figure 3.29b) in order to determine major peaks and/or the parent ion.

QiNi@
/\ 0] (0] o*

7-Ethoxy resorufin positive ion
Molecular Weight: 241.25

Figure 3.28: Expected parent ions for 7-ethoxyresorufin for positive mode.
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Figure 3.29: (a) Signal traces from injection of 7-ethoxyresorufin into the MS obtained in a Q1
scan in positive mode (b) negative mode with the (c) Mass spectrum of the area under the
peak in (a) and (d) Mass spectrum of the area under the peak (b).
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The HPLC spectrum for both positive mode (Figure 3.29a) and negative mode (Figure
3.29b) show a small singular peak. However, for positive mode its respective mass
spectrum showed the expected parent ion of 242 m/z due to its molecular weight of
241 m/z, whereas no large peak was found in the negative scan (d). Comparably to

the previous analytes the next step was to conduct a product ion scan.

Product ion scan

A product ion scan set to the previously observed parent ion, 241 m/z (Figure 3.30)

was conducted in order to determine which fragmentations occur for further use in

MRM scans.
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Figure 3.30: (a) Signal traces from injection of 7-ethoxyresorufin into the MS obtained in
positive mode at 242 m/z with the (b) mass spectrum of the area under the peak in (a).

The HPLC chromatogram for 7-ethoxyresorufin (Figure 3.30a) showed a singular large
peak and the resulting mass spectrum provided multiple different fragmentation points,

the larger two being 242>214 and 242>186 m/z (Figure 3.30b). An MRM scan was
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then conducted in order to determine if these fragmentations provide a peak much

higher than that of the background within expected levels post enzymatic conversion.
MRM

An MRM scan was conducted in order to determine whether the fragments provide a

peak as expected, these are shown in Figure 3.31.
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Figure 3.31: (a) Signal traces from injection of 7-ethoxyresorufin into the MS obtained in
positive mode using an MRM scan at 242>186 m/z and (b) 242>214 m/z.

As can be seen both of these fragmentations, 242>186 m/z (Figure 3.31a) and

242>214 m/z (Figure 3.31b) provided a peak allowing an optimisation on these to be

carried out.
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Optimisation of collision energy

The inbuilt optimisation of collision energy method was then used to optimise the

fragmentations  242>186 m/z and  242>214 m/z (Figure  3.32).
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Figure 3.32: (a) Signal traces from injection of 7-ethoxyresorufin into the MS optimising the
collision energy for the fragmentation in positive mode set to 242>186 m/z using a broad scan
and (b) a detailed scan between -25 to -35 eV and 242 to 214 m/z using (c) a broad scan and
(d) a detailed scan between -15 to -25 eV.

These spectrum were measured in both a broad scan varying from -10 to -50 eV for
the two previously measured collisions 242>186 m/z (Figure 3.32a) and 242>214 m/z
(Figure 3.32c) and a detailed scan (Figure 3.32b and d respectively) which range is
dependent on the highest peak area measured in the broad scan. For the
fragmentation 242>186 the optimum was determined between 25 and 35 eV and for
242>214 between 15 and 25 eV, which was further optimised to -31 and -20 eV

respectively. Upon comparing the relative peak areas and intensity for both
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fragmentations (Figure 3.32b and d) the fragmentation of 242>214 provides a 10 times

higher intensity and peak area.

Retention time determination

The retention time for 7-ethoxyresorufin (Figure 3.33) was determined using the

gradient method optimised previously and described in Table 3.7.

100



a) b)

2.5x 10" 1.5x 10781
2.0x1071 :..1.:
1.0x10°%4
%‘15><10'9 .Ez-
s s
£ 1.0x10"°1 =
5.0%10°71
5.0x10'®
0 "
0.0x107"=F 5 10 15 20 25 0:0x107=y 5 10 15 20 25
Time (min) Time (min)
c) d)
25x10"71 1.5x 1071
11.3
min
2.0x107
o , >‘1.0><10'7-
215x10° z
s s
E10x107 =
5.0 x 1071
5.0 x 101
0.0x1070"— .1 T Y v v 0.0x 107 T ' '
0 5 10 15 20 25 250 500 750
Time (min) m/z
5x 10"
4x10°°
23x10'°
[7]
c
g
210
1% 1078
0x10%

50 100 150 200 25
m/z

Figure 3.33: (a) Signal traces from injection of 7-ethoxyresorufin into the MS obtained in
positive mode using a Q1 scan (b) a product ion scan set to 242 m/z (c) and an MRM set to
242>214 m/z (d) Mass spectrum of the area under the peak in (a) al(e) Mass spectrum of the
area under the peak (b).

As can be seen in these all of the conducted scans, Q1 scan (Figure 3.33a), product
ion scan set to 242 m/z (Figure 3.33b) and an MRM scan set for the optimised collision
242>214 m/z (Figure 3.33c), the retention time of 7-Ethoxyresorufin was found to be

11.3 minutes which is sufficiently separated from resorufin at 9.8 minutes (Figure
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3.14). The Q1 scan did not yield the expected parent ion. However, the product ion
scan (Figure 3.33e) provided multiple fragmentations compared to those found within
the product ion scan (Figure 3.30). These product ion scan fragments can be further
applied to sample scans in order to further prove 7-Ethoxyresorufin was found within

the sample.

3.4. Comparison between isocratic and gradient

Two different HPLC methods have been tested, an isocratic method and a gradient
method. The isocratic method found very little separation and a much lower resolution
as shown in Figure 3.13. Whereas the gradient method provided much higher
resolution (Figure 3.14) allowing for more accurate substrate confirmation and a higher
sensitivity. Resolution for all separations used throughout these studies were
calculated between these compounds using Equation 1 and is shown in Table 3.10.

Equation 1: Calculation for the resolution between peaks within a spectrum

trz - tT'1
0.5 x (W, + W)

Resolution =

Where tr is the retention time of a peak in minutes and W is the width of the peak in
minutes.

Table 3.10: Resolutions calculated for all optimised separations using Equation 1.

Substrate Product Resolution
Resorufin (isocratic) Resorufin glucuronide (isocratic) | 1.05
Resorufin (gradient) Resorufin glucuronide (gradient) | 2.46
p-Nitrophenol p-Nitrophenyl sulfate 2.10
7-Ethoxyresorufin Resorufin 14.44

The optimum scans along with their parameters that were determined throughout this
section are found below in Table 3.11.
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Table 3.11: Summary of obtained optimum collision energies for fragmentations.

Fragmentation Optimised  collision
Substrate Mode
(m/z) energy (eV)
Positive 214>103 -35
Positive 214>186 -25
Resorufin
Negative 212>118 36
Negative 212>155 33
Positive 383>165 -20
Resorufin glucuronide
Negative 388>212 34
p-nitrophenol Negative 138>108 42
Negative 218>108 33
p-nitrophenyl sulfate
Negative 218>138 22
Positive 242>186 -31
7-Ethoxyresorufin
Positive 242>214 -22

The scans optimised and described throughout this section were applied to the

gradient method for future analysis of their respective samples and blanks.

3.5. Discussion

A method to detect compounds that have been frequently used in literature for the
metabolism-based studies has been optimised throughout this chapter. The studies
that have used these compounds frequently rely on a fluorescence-based analysis, to
take advantage of the highly fluorescent nature of resorufin, the pH utilised was
optimal for both the enzyme and the substrate. Although this is a viable method for
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guantification of metabolites formed, it is not the optimal in most cases due to the
different synthetic routes and isomers that can be formed upon undergoing the
majority of metabolic methods. To the authors’ knowledge there is very little research
into the measurement of these compounds utilising LC-MS in conjunction. However,
there has been research on each of these compounds independently. No studies have
focussed on the fragmentation of these compounds making a simple mimicable
method not available for analysts.

The mass spectrum of resorufin was measured by Yu et al. (2003) finding two major
fragments were formed in positive mode one of which being the parent ion at 214 m/z
and the other being a peak at 186 m/z. This was also comparable to that which was
found in this study.?’® The structures expected based on fragmentation patterns for
both resorufin and resorufin glucuronide are shown in Figure 3.11 and Figure 3.12
respectively.

Table 3.12: Summary of expected fragments for resorufin based on common fragmentation
pathways simulated using CFM-1D.266-270

Expected | Molecular
Mode loss weight Expected molecule
(m/z) (g mol?)
N
=
Positive | 0 214.2
¢ o) OHj,
N
-y /
Positive 28 186.2
0 OH,*
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Negative

212.2

SO

Negative

57

155.2

N
X T
(@)

The mass spectrum of resorufin glucuronide was also measured by Wang et al (2015)

finding two major peaks were formed in positive mode the parent ion at 390 m/z and

amass at 214 m/z.2’* The latter is likely to be due to the loss of the glucuronide group.

The specific fragmentation of glucuronide functionalised molecules in mass

spectrometry has been widely documented with the loss of 176 mass units.?2’® The

equivalent is also true for negative mode with a two-mass unit difference due to the

charge.

Table 3.13: Summary of expected fragments for resorufin glucuronide based on common
fragmentation pathways simulated using CFM-ID.266-270

Expected | Molecular
Mode loss weight Expected molecule
(m/z) (g molY)
N HO,,
= Yo,
Positive | 0 390 ﬁ jij\
o (0] (0)
N HO,,
=
Negative | O 388 ﬁ jij\
o} O (0]
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Negative

176

212

The mass spectrum of 7-ethoxyresorufin was also simulated using CFM-ID finding two

major peaks were formed in positive mode one of which being the parent ion at 242

m/z and the other being at 214 m/z. It is likely the 214 m/z is a resorufin peak due to

the loss of the ethane group during fragmentation. This is also comparable to that

which was found in this work. The expected fragmentations for 7-ethoxyresorufin are

shown in Table 3.14.

Table 3.14: Summary of expected fragments for 7-ethoxyresorufin based on common
fragmentation pathways simulated using CFM-ID.266-270

Expected | Molecular
Mode loss weight Expected molecule
(m/z) (g molY)
N
242.2 =
Positive |0
*HO o o/\
N
Positive =
28 214.2
o) o) OH,*
N
.y /
Positive | 56 186.2
o] OH,*
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The mass spectrum of p-nitrophenol was also measured by Han et al. (2008) finding
three major peaks were formed in positive mode, the parent ion 139 m/z, a peak at
109 m/z and another at 65 m/z.?’* This is similar to which was found from the spectrum
measured in this study. However, the peak at 65 m/z was not measured due to the
detector being set to scan between 100 and 1000 m/z. The expected fragmentations

based on common fragmentation pathways are shown in Table 3.15.

Table 3.15. Summary of expected fragments for p-nitrophenol based on common
fragmentation pathways.

Expected | Molecular
Mode loss weight Expected molecule
(m/z) (g molt)
I
N+
Negative |0 138 o
o
H,N
Negative | 30 108
o

The mass spectrum of p-nitrophenyl sulfate was also measured by Draper et al. (1989)
finding two major peaks formed one of which being 218 m/z and the other being 139
m/z.?’? This is comparable to what was found in this study, although one further
fragment was found at 108 m/z in this research. The expected fragments for p-
nitrophenyl sulfate are shown in Table 3.16.
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Table 3.16: Summary of expected fragments for p-nitrophenyl sulfate based on common
fragmentation pathways.

Expected | Molecular
Mode loss weight Expected molecule
(m/z) (g molt)
I
218 -\
Negative |0 o o)
\_°
o N\
o)
I
N+
Negative | 80 138 o
o

Throughout all of the optimisations found within this chapter, all of those observed
were fully comparable to those that are expected utilising a fragmentation prediction
software called CFM-ID, showing that these are the correct fragmentations for the
respective analytes. This, in conjunction with the expected retentions times based on
their polarities, shows that these peaks are indeed caused by the expected

compounds.
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3.6. Conclusion

This section has described the optimisation of mass spectrometry and separation for
resorufin and its respective metabolites/precursor (7-ethoxyresorufin and resorufin 3-
D glucuronide) and nitrophenol with its sulfated metabolite nitrophenyl sulfate. This is
important as it represents a method for identifying the expected reaction products from
both oxidative and conjugative metabolism reactors. The use of LC-TQ-MS provides
some structural confirmation, as well as offering a high degree of sensitivity and
selectivity. The optimisation of collision energies will allow for much more sensitive
measurements due to the increased amount of fragmentation upon entering the
collision cell. Through the optimisation of a chromatographic method, a gradient
(illustrated in Figure 3.1) method will be used, offering superior separation than the

isocratic method tested in this study.
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4. Optimisation of the synthesis of
naturally occurring metabolites using
UGTlal

4.1. Introduction

The synthesis of naturally circulating metabolites has been of large interest for the
determination of nutraceuticals and drugs with specific beneficial and toxicological
effects on the human body. The motivations and methods for these have been

described in detail in section 1.3.

UGT enzymes, found within the endoplasmic reticulum of a living organisms’ cells, are
one of the common elimination pathways for most xenobiotics.?’® They transform small
non-polar molecules into larger polar molecules, allowing for easier excretion by the
kidneys into bile or, in the majority of cases, urine mostly via glomerular filtration.?””
UGT enzymes have specific but overlapping substrate specificities.?’® For example,
UGT1al is the only isoform that conjugates bilirubin, allowing for its excretion.?’® In
contrast, acetaminophen is metabolised into acetaminophen glucuronide via one of
four different UGT isoforms (UGT1lal, UGT1a6, UGT1a9, UGT2B15).2® All UGT
isoforms catalyse the formation of oxygen, nitrogen and sulphur linked glucuronide
metabolites.*® The therapeutic and toxicological effects of conjugated metabolites
often differ from the parent molecule.?”® Xenobiotics that have undergone
glucuronidation are usually inert and non-toxic.?'3 However, some compounds have

been found to have an increased therapeutic or toxicological effect. For example,
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morphine is naturally metabolised into M6G and M3G, with the former providing the
analgesic effect and some of the side effects are attributed to the latter.*? A
compound’s metabolite may have an increased toxicity, detrimentally affecting a
person’s health, for example acyl glucuronides.?®? Thus, determining the beneficial
and toxicological effects of drug metabolites prior to human testing is vital for effective
drug development.?8L. 282 However, testing these metabolites is difficult due to their
current lack of availability.?° For example, the glucuronide metabolite of quercetin,
guercetin 3-O-glucuronide, is currently not available for purchase. An isomer of this,
quercetin 3-glucuronide is commercially available, however this is a plant metabolite,
and may not replicate the pharmacology of the human metabolite. Due to the potential
difference in pharmaceutical and toxicological effects between the 3-O-glucuronide
and the 3-glucuronide, testing the naturally formed metabolite is currently difficult. This
demonstrates a requirement for a method that allows for the synthesis of glucuronic
metabolites of drugs and xenobiotics, to allow for the determination of therapeutic
effects of both parent compounds, and metabolites.

The current methods for synthesising glucuronide metabolites are described in detail
in section 1.3 and summarised in the discussion below. The main purpose of these
methods is for the identification of drug metabolites, rather than producing sufficient
guantities for use in pharmacological investigations.

Microfluidic devices have already been combined with these methods and studied for
the formation of naturally circulating metabolites. Immobilising the enzymes and liver
cell microsomes is a common method for the determination of metabolites formed in
vivo.12! A variety of differentimmobilisation techniques and surfaces have been tested,
including studies using a liver slice combined with a breathable membrane within a

microfluidic device.?83 However, the aim of these methods has been the determination
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of metabolites and not the synthesis of a pure product. These published approaches
demonstrate that microfluidic systems are a viable option for the synthesis of

metabolites and may be applicable for the synthesis of a pure product.

In this chapter, the development and optimisation of a microfluidic reactor with the
immobilisation of UGT1al for the synthesis of metabolites via glucuronidation
reactions naturally occurring in the human will be described. This will include
optimisation of flow rate, temperature and then comparing against optimal batch
conditions frequently used in literature. Initially, transformation is studied by reduction
in fluorescence from a fluorescent starting product. Finally, the metabolic reaction

product is confirmed with specific LC-TQMS methods.

4.2. Experimental procedure

Determination of resorufin concentration

A calibration curve for resorufin was created by serial dilution of an initial concentration
of 100 uM. The dilution was carried out sixteen times by half in a V-shaped 96-well
microplate (STARLAB). Fluorescence intensity was measured using a microplate
reader set to 544 nm (Aex) and 590 nm (Aem) as optimised in the UGT section, Plate

reader analysis.
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Determination of resorufins fluorometric properties

An absorbance scan varying from 200-800 nm was conducted on both resorufin and
resorufin glucuronide (100 um) using a Jenway 7315 spectrometer equipped with a
xenon lamp. An excitation scan was conducted for resorufin solely with Aem to 586 nm.

Then an emission scan was conducted with Aex setto 572 nm.

Fabrication of microfluidic devices

Two different designs created on AutoCAD (Figure 2.1) were compared. Device
design A included a splitting channel network featuring 16 parallel channels and
design B included a long single serpentine channel. The channels in chip design A
were 50 mm long, 300 um wide and a depth etched to 30 um. This equates to a surface
area to volume ratio >5000 m1- At a flow rate of 0.1 yuL min-! the residence time was
72 minutes. The channel in device B, the serpentine was 667 mm long, 75 pm wide
and etched to a depth of 30 um. Equating to a surface area to volume ratio of 150 m-

1. At a flow rate of 0.1 uL min-! the residence time was 15 minutes.

These two devices were fabricated in glass. These designs were printed on a
photolithographic mask (JD Phototools) and transferred via photolithography onto
glass (Schott B270, Tellic USA) containing a photoresist and chromium layer. Devices
were etched utilising hydrofluoric acid (49%) and access holes were drilled via a CNC
machine (Datron). Devices were bonded via thermal fusion at 585 °C. Pictures of both

Design A and B are shown in Figure 2.2.

Prior to each use the devices were submerged and cleaned with piranha solution (95%

sulfuric acid and 30% hydrogen peroxide in a 3:1 ratio) for 2 hours. The devices were
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then sonicated in water to extract any piranha solution remaining within the channels
and left to dry. Silica capillaries were then placed in the inlet and outlet holes and glued
using epoxy resin 2:1 and left to cure overnight, allowing the device to interface to a 1

mL syringe via PTFE tubing.

Immobilisation of UGT supersomes

For both the serpentine and the parallel device initially sodium hydroxide (0.1 M, 3x 1
mL) was hand pumped through the device. This was followed by methanol (3 x 1 mL)
and then the devices were left in the oven for 1 h at 60°C to d114emainll4eilanise
the surface of the channels a solution of (3-aminopropyl) trimethoxy silane (5% v/v in
ethanol) was introduced into the device and left for 5 minutes. Next glutaraldehyde
(5% v/v in 0.1 M phosphate buffer, pH 7.4) was pumped through the device using a
syringe pump for one hour at 3 pL mint. Finally, the device was filled UGT1lal
supersomes (0.15 mg mL1) and left in the fridge at 4 °C overnight and then rinsed out
with phosphate buffer (0.1 M, pH 7.4).284 Metabolic conversions within the device were
studied using resorufin (100 pM) as a substrate alongside the necessary co-factor
(UDP-GA at 100 uM) using varying flow rates using an NE-4000 syringe pump (0.1,

0.5and 1 pL min?).

Metabolism of test substrates

Resorufin is a fluorescent compound that upon undergoing UGT facilitated metabolism
leads to the formation of resorufin glucuronide. Resorufin is a highly fluorescence
molecule with a Aex = 572 and Aem = 583 nm. This loss of fluorescence forms the basis

for determining the amount of metabolism formed by the microfluidic devices.
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Resorufin (100 uM) was pumped through the enzyme immobilised devices, effluent
was collected, and fluorescence intensity was utilised to quantify product formation
using a calibration curve varying from 0 — 100 yM. Flow rates of 0.1, 0.5 and 1 yL min-
1 were investigated in both chip designs A and B with immobilised UGT1al
supersomes. For experiments where temperature was altered, devices were
incubated at room temperature (20 £ 2 °C, variation measured utilising a thermometer
every time effluent was collected), 30 and 37 °C in a COz incubator (BB15, Thermo
Scientific) with a run time of 2 hours. For a comparison to static reactions, 2 pyL of
UGT1al supersomes (0.15 mg mL?) was added to 10 uL of resorufin (100 uM) with
co-factor UDP-GA (100 pM) and left to incubate at 37 °C. Control reactions were
carried out where the co-factor (UDP-GA) or the UGTlal supersome was not
immobilised. Devices were also prepared with immobilising the enzyme
triosephosphate isomerase (0.15mg mL-1) as an alternative reaction that was
expected to yield no reduction in fluorescence, due to having no reactivity towards
resorufin. These were conducted to confirm that both the correct enzyme and co-factor

are required to obtain a reduction of fluorescence.
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Figure 4.1: Schematic of the setup used for the metabolism of resorufin into resorufin
glucuronide using UGT1al.

This schematic shows the setup used for the metabolism of resorufin alongside the
predicted metabolism of resorufin into resorufin B-D-glucuronide upon flow through of
the device (Figure 4.1).

To allow comparison of the microfluidic approach to a typically used method the
substrate (100 uM of resorufin) was directly incubated with 1 pL of UGT supersomes
(0.15mg mL1) at 37 °C for 2 h and measured using the plate reader method described

above (section 2.5) to determine product formation.

Mass spectrometry

Using the effluents from the reactor, in the presence and absence of appropriate
cofactor, resorufin glucuronide was measured via LC-MS. Effluents were extracted
from the matrix using 10 yL C18 tips (Sigma Aldrich). The C18 tip was wetted using

10 uL of 50% methanol in water twice, the tip was then equilibrated using 10 uL 0.1%
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TFA in water twice. Next, the sample was aspirated for 10 cycles and left in the tip for
10 min. This was followed by 10 L rinsing with water twice and finally the sample was
extracted from the tip using 10 pL of methanol. Samples were analysed with a
Shimadzu Nexera X2 series liquid chromatography system (Kyoto, Japan) connected
to a Shimadzu Nexera X2 SIL-30AC coupled to a Shimadzu 7060 triple quadrupole
mass spectrometer. Data acquisition and processing was performed by
LabSolutionsTM 5.93 software. The chromatographic separation was achieved on a
Shim-pack GISS C18 column (50 mm x 2.1 mm, 1.9 ym) (Shimadzu). The mobile
phase consisted of water for phase A and methanol for phase B, both containing 0.1%
formic acid. The separation was carried out using a gradient method with mobile phase
A: B set to 95%:5% from O to 3 min, 25%:75% from 10 to 20 min and then back to
95%:5% from 22 to 25 min. The mass spectrometer was operated in the negative ion
mode. The nebulizer gas, collision gas, ion spray voltage and source temperature
were set at 3 L min-1, 17 kPa, 2.32 kV, and 250 °C, respectively. A product ion scan
in negative mode was used for product confirmation of resorufin glucuronide with an
m/z of 388, respectively. Alongside this, the multiple reaction mode (MRM) was used

for further confirmation with selected transitions of 388—212 m/z.

Methanol crash

In order to extract any enzyme that potentially leached from the surface of the device
and causing an interfering matrix when injecting into the LC-TQ-MS methanol crashing
of both a resorufin (100 uM) and resorufin glucuronide standard (100 puM). This was
conducted by taking 10pL respective substrate and mixing 100 pL of methanol. This
mixture was then vortexed followed by centrifugation to settle any denatured proteins.
The top layer of this mixture was then directly placed within the mass spectrometer
following the method detailed above (2.6).
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Liquid-liquid extraction (LLE)

Liquid-liquid extraction was conducted by making a mixture of 4% ammonium
hydroxide and 4% ethyl acetate in methanol. 10 pL of sample was added 25 mL of the
mixture. If extracted correctly, the sample should be found within the hydrophilic layer
which in this case was the top layer. The sample was directly extracted and then

analysed via the LC-TQ-MS method described in section 2.6.

C18 ZipTip extraction

The final extraction method utilised was using C18 zip tips. Initially tips were wetted
pipetting 10 pL of MilliQ water. Then 10 pL of 50% methanol in MilliQ water was then
pipetted into the tip and then washed further with MilliQ water. At this point two different
methods were tested. The first involved aspirating the sample within the device 10
times as per the instruction provided by the manufacturer. After this, the tip was rinsed
with methanol and directly injected into the LC-TQ-MS. The other technique involved
pipetting 10 puL of sample and incubating it within the tip for 10 minutes. After this, the
sample was removed, and 100% methanol was implemented within the pipette and

injected into the LC-TQ-MS as per the method described in 2.6.

118



4.3. Results

Plate reader analysis

Absorbance scan

To ascertain whether a plate reader method would be viable for determining
resorufin concentration in the working range of the device (100 uM) standards were
initially assessed as described in the Error! Reference source not found. section.
The development of a fluorometric method requires determining both resorufin and
resorufin glucuronides Amax (Figure 4.2) and was determined using an absorbance

scan as described in the Absorbance scan section.
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Figure 4.2: Relative absorbance scan for both resorufin and resorufin glucuronide.

As shown in the absorbance scans, a Amax of 570 nm and 470 nm were measured for
resorufin and resorufin glucuronide, respectively. The next step was to determine the
fluorescence emission value of resorufin using the excitation value determined from

the scan in Figure 4.2.
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Fluorescence scan

Due to resorufin’s fluorescent properties, the plate reader method
being optimised would provide a much larger increase in the gap
between the upper and lower limits of product using fluorometric
scans. Initially an absorbance scan was used to determine Acx which
was subsequently applied to a fluorescence scan to determine Aem
using the method described in the Determination of resorufin

concentration

A calibration curve for resorufin was created by serial dilution of an initial concentration
of 100 uM. The dilution was carried out sixteen times by half in a V-shaped 96-well
microplate (STARLAB). Fluorescence intensity was measured using a microplate
reader set to 544 nm (Aex) and 590 nm (Aem) as optimised in the UGT section, Plate

reader analysis.
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Determination of resorufins fluorometric properties section.
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Figure 4.3: Fluorescence scan for resorufin (100 uM), with both (a) determination of Aex with
Aem set to 586 nm (blue line) and (b) Aem with Aex set to 572 nm (red line).

Based on these data provided, the optimum Aex and Aem were determined to be 572
and 573 nm respectively. The plate reader being used had select wavelength filter
sets available, with the closest being 544 nm for excitation and 590 nm for emission.

These wavelengths were then applied to the fluorescent plate reader for all future
experiments.

Calibration curve for resorufin

Calibration curves were determined using the plate reader method shown in the Error!
Reference source not found. section, with concentrations between both 10 and 100

MM and 2 nm to 100 uM measured for fluorescence (Figure 4.4).
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Figure 4.4: Two different calibration curves for resorufin varying concentration between 10
and 100 uM on different days, yielding both (a) a linear calibration and (b) poorly correlating
values both of which were under the same conditions and (c) an increased range of
concentrations starting from 2 nM to 100 uM and (d) its respective logarithmic
transformation.

Due to the initial concentration of 100 uM being utilised for metabolism studies. a
calibration curve varying from 10 to 100 uM was optimised. However very inconsistent
results were found from day-to-day, illustrated in Figure 4.4 a and b. Due to these
inconsistencies a higher range of concentrations were tested, starting at 100 uM and
sequentially diluting by half 13 times. Upon logarithmically transforming this data a

linear correlation was found allowing for a much higher range of concentrations (49
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nM to 100 uM to be measured. Alongside this, a linear calibration for the logarithmic

data was produced from day-to-day repeats. Due to the sensitive fluorescence nature
of resorufin these measured intensities can fluctuate daily, so a calibration curve is
necessary alongside the analysis of all samples and a representative reproducible
calibration curve cannot be utilised. Despite this, throughout all repeats of this
calibration a linear correlation was found, ensuring that it was viable for an accurate
determination of resorufin concentration. This method was applied to all

measurements of resorufin concentration throughout this chapter.

Proof of product formation for UGT1al reactor

To determine if product could be formed within the microfluidic device the method
shown in section 2.6 was used. Initially a flow rate of 0.1 uL min't was tested, after
immobilising UGT1al as described in the Immobilisation of UGT supersomes section.
Additionally, three different blanks were conducted: enzyme immobilised with co-factor
not included; no enzyme immobilised, but cofactor present; and an alternative enzyme
(triosephosphate isomerase/ TPI) immobilised with co-factor present (Figure 4.5). The
alternative enzyme (TPI) was chosen due to its similar size compared to UGT1al and

lack of activity towards resorufin.
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Figure 4.5: Comparison showing mean concentration = SD of resorufin remaining post flowing
through the device between different blanks and a true enzymatic run. Dotted line represents
concentration of resorufin added to the device (100 pM). All bars have been conducted using
an n=3. Statistics performed by ANOVA with Bonferroni corrections, comparing each blank to
true run, *** p=>0.0001.

The data obtained showed that the true run yielded a fluorescence remaining of 5.13
+ 0.62 pM. Whereas the three blanks, no immobilised enzyme, no co-factor included
within the system and the alternative enzyme (TPI) used demonstrated little to no
measurable loss of fluorescence at 84.28 + 11.20 uM, 73.66 + 5.11 pM and 87.25 +
12.09 uM respectively. Unless otherwise stated all experiments were performed with

n=3 repeats.

The data shown in Figure 4.5 suggests that enzymatic activity is only observed when
both the correct co-factor and correct enzyme are available within the microfluidic
device simultaneously, highlighting that the observed decrease in resorufin
concentration is a specific loss, and not due to non-specific binding of the substrate to
the matrix of the microfluidic devices, or non-specific protein binding within the

channels.
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Flow rate

Having demonstrated an enzyme and cofactor-dependent, specific loss of
fluorescence when using the microfluidic devices, the next step was to optimise the
parameters within the device. A comparison of reactor architecture (parallel channels
vs serpentine channels) and the effect of different flow rates of substrate and cofactor

through these devices was undertaken. (Figure 4.6).
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Figure 4.6:Comparison of mean concentration of resorufin remaining £ SD comparing different
flow rates and devices. Dotted line represents concentration of resorufin added to the device
(200 pM). An ANOVA with Bonferroni corrections was conducted; no significance difference
was found between these parameters.

As this data obtained showed no significant difference was found when comparing
parallel and serpentine devices, continuing to use the parallel device at 0.5 pL min-t
was decided. As upon collecting this data the use of the serpentine devices yielded
multiple problems that hindered its general use. Most notable, this included blocking
due to its much thinner channel width and bubbles causing pressure and preventing
flow. This was due to the increased chances of blocking in the serpentine devices due
to a single thinner channel which APTMS functionalisation further reduces. A flow rate
of 1 uL min-t was also tested, however in both serpentine and parallel devices, the

PTFE tubing was detached from the capillary due to the increased backpressure.
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Alongside this, the parallel device also yields a much higher surface area to volume
ratio (section 2.2), allowing more potential immobilised enzyme per substrate within
the device at any given time. Taken together flowing through the microfluidic device at
1 pL mint at 30 °C provides the optimum conditions to yield the highest conversion

and overall product formation.

Effect of temperature on resorufin metabolism

The previous experiments were undertaken at room temperature (controlled at
approximately 20 = 2 °C with an automated setting). As enzymatic reactions are well
described to have a tightly controlled temperature dependency, the overall activity of
the device may be further increased by increasing the reaction temperature towards

physiological conditions (37 °C, Figure 4.7).
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Figure 4.7: Comparison between mean concentration of resorufin remaining £ SD between
varying temperatures using the parallel device at 0.5 puL min?. Dotted line represents
concentration of resorufin added to the device (100 pM). An ANOVA with Bonferroni
corrections comparing the three different temperatures. ***, p= >0.0001, n=3.

Due to the minimal amount of resorufin remaining the 30 °C bar is not visible with only

0.012 = 0.020 puM remaining. When compared to room temperature which was
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monitored throughout the day using a thermometer (21 £ 2 °C) no significant difference
was found between room temperature and 30 °C. However, 37 °C shows a significantly
higher amount of resorufin remaining which equates to minimal formation of product.
Due to the complicated setup of the device at 30 °C, room temperature was continued
for subsequent experiments as there was no significant difference between the two

temperatures. However, the optimal temperature would be 30 °C.

The next step was to compare the current microfluidic devices to one of the gold
standard methods frequently used in literature, conducting the experiment without

immobilising in static conditions.

Static vs. Flow

A comparison between a static method, shown in 2.4 and the flow-through method
optimised throughout this chapter was made to determine if the microfluidic flow-
through method provided benefits over the static method in terms of product yielded

(Figure 4.8).
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Figure 4.8: Potential resorufin glucuronide formed + SD based on fluorescence lost comparing
batch vs. flow conditions. An ANOVA with Bonferroni corrections comparing the reaction time
and devices. ***, p=>0.0001, n=3.
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To allow for a comparison between the two methods converting the amount formed
from concentration to mass (g) was necessary. This was calculated by utilising the
yield measured from fluorimetry (mol L1) and using the volume (L) collected and the
molecular weight of resorufin glucuronide (g molt). Due to this it was necessary to
assume a loss in fluorescence was directly related to conversion. So, if no resorufin
was measured,100% conversion was assumed.

Upon comparing both flow and static experiments, flow being the microfluidic device
and static being an in-solution experiment; it was shown that the same overall amount
of resorufin was converted over a 2-hour period. However, the reaction in batch
conditions seemed to plateau after these two hours, leading to no additional product
formation. Whereas the flow-through approach demonstrated continuous production

of product across 4 hours yielding significantly more product than the static reactions.

Product confirmation

After conducting the optimisation of the microfluidic parameters, it was important to
prove that the loss of fluorescence that was being measured was in fact due to the
formation of resorufin glucuronide and not any external factors or the production of
alternative metabolites. It was decided that LC-TQ-MS would be the optimal method
to prove product formation due to the sensitivity of the technique, and the low volume

of sample formed from a single use of the microfluidic device.
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Due to the large number of scans utilised, only the MRM scans for both resorufin and
resorufin glucuronide are shown in Figure 4.9 for simplicity. Other HPLC
chromatograms conducted and comparing resorufin standard (100 uM) against DI
water injections are shown within appendix Figure 0.1-Figure 0.11 for resorufin and
their respective mass spectrum in appendix Figure 0.12-Figure 0.15. Additional
resorufin glucuronide HPLC chromatograms shown in appendix Figure 0.16-Figure

0.21 and their respective mass spectrum in appendix Figure 0.22-Figure 0.25.
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Figure 4.9: Representative MRM scans of resorufin glucuronide utilising the methods
previously optimised in the section titled Gradient HPLC separation of resorufin and resorufin
glucuronide. (a) MRM scan to measure resorufin (212>155 m/z) and (b) resorufin (388>212
m/z).

The MRM scan at 212>155 m/z (Figure 4.9a) optimised for the analysis of resorufin
show that resorufin (9.8 min) and resorufin glucuronide (8.0 min) are both visible in the
analysis of the resorufin glucuronide standard. This could be due to degradation of the
resorufin glucuronide standard into resorufin prior to analysis. Whereas solely the
resorufin glucuronide is seen at 388>212 m/z (Figure 4.9b). Due to the large difference
in retention times and only the glucuronidic product being visible in one scan, a proof
of metabolic product confirmation can be observed utilising this scan. Injecting the
sample collected from the outlet of the device was the next step to confirm product

formation within the device.
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Sample direct implementation

An effluent from the enzyme immobilised device was injected with no dilution to

determine if any product had been formed/ could be measured (Figure 4.10).
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Figure 4.10: HPLC chromatograms of a collected effluent using MRM scan at (a) 212>155 m/z
and at (b) 388>212 m/z.

The expected amount of product formed within the device was approximately 95% due
to the loss of fluorescent measurements which should yield a peak comparable to
Figure 4.9. However contrarily a very small peak for resorufin glucuronide at 388>212
m/z (Figure 4.10a) was observed which was almost at background level. A very small
peak for resorufin at 212>155 m/z (Figure 4.10b). Due to both peaks being smaller in
their respective scans it showed that either something completely unrelated was
happening and not visible in the scans conducted or a matrix interference preventing
the product/substrate from being measured by the detector. To determine if there was
a matrix interference spiking a collected effluent with the equivalent concentration of

the expected product formation (100 uM).
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Sample spiking

Samples were spiked with the equivalent amount of resorufin glucuronide resulting in
a final concentration of 100 pM assuming no resorufin glucuronide was formed

throughout the flow through (Figure 4.11).
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Figure 4.11: HPLC chromatograms of a sample spiked with resorufin glucuronide to the
equivalent of 100 uM resorufin glucuronide with (a) an MRM at 212>155 m/z and (b) at
388>212 m/z.

Upon spiking with the equivalent concentration of 100 uM the samples were analysed
via the same method as those previously. As theorised previously both spectrum at
212>155 m/z and 388>212 m/z (Figure 4.11a-b) for resorufin glucuronide (8.0 min)
yielded approximately a 10-fold lower intensity than the standard prior to spiking
(Figure 4.9). This showed that the matrix was having a significant effect on the
measurement of any products formed within the device. Furthermore, as the peak
intensity for resorufin is larger than the peak for resorufin glucuronide is shows that

this interference is affecting its measurement more than that of resorufin (9.8 min), as
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this is not comparable to what was observed in the standard measurements (Figure

4.9a).

Due to the standards being in MilliQ water and the samples containing both phosphate
buffer and UDP-GA, the next step was the addition of these into the standard to

determine if this was influencing the measured intensity.

Addition of matrix to standard

The equivalent concentration of both phosphate buffer and UDP-GA were added to
the resorufin glucuronide standards, resorufin glucuronide (100 uM), UDP-GA (100
HUM) of phosphate buffer (0.1 M, pH 7.4) and was injected using the same method

mentioned previously (Figure 4.12).
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Figure 4.12: HPLC chromatograms of a standard and matrix with an MRM at (a) 212>155 m/z
and (b) at 388>212 m/z.

The chromatograms obtained showed that the interfering matrix was created by either
the buffer or the co-factor UDP-GA, as when compared to water only (Figure 4.9) as

alarge loss of intensity was observed. However, this was not comparable to that which
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was observed in the effluent collected from the device meaning that there are multiple
causes for the lack of measurable resorufin and resorufin glucuronide. The next step
was to extract any potential protein from the sample as the enzyme covalent bond to

the device may weaken throughout the reaction as it is liable to hydrolysis.

Methanol crash

Methanol crash is a method utilised throughout literature for the extraction of protein
from an aqueous based solution by denaturing its structure and causes the
hydrophobic core to be exposed.?8® This causes the protein to become insoluble in the
chosen solvent an aggregate of precipitated protein is subsequently formed. Then
upon centrifugation proteins are settled allowing for the removal of the supernatant. It
was determined that a methanol crash would be viable for the extraction of protein
from the effluent if it had undergone hydrolysis and effectively removed from the
device. This was conducted on a 100 uM resorufin glucuronide standard (Figure 4.13)

and a sample collected from the microfluidic device (Figure 4.14).
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Figure 4.13: HPLC chromatograms of a resorufin glucuronide standard post methanol crash
with an MRM scan at (a) 212>155 m/z and (b) 388>212 m/z.
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The MRM scan of standard post methanol crash in Figure 4.13a set to 212>155 m/z
yielded a peak for both resorufin (9.8 min) and resorufin glucuronide (8.0 min).
Surprisingly no peak was found in the resorufin glucuronide optimised MRM
fragmentation in Figure 4.13b (388>212 m/z). In order to prove that resorufin
glucuronide was formed, ideally a peak would be found in both MRM spectrums to
show that both resorufin and resorufin glucuronide were within the same device
assuming less than 100% conversion. If the peak for resorufin glucuronide is not
visible in the optimised scan at 388>212 m/z, then this could be due to another
compound within the solution. However, regardless of this a test was conducted with

the sample to determine if a large peak for the product could be found.
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Figure 4.14: HPLC chromatograms of a sample extracted from device post methanol crash
with an MRM at (a) 212>155 m/z and (b) at 388>212 m/z.

Comparably to the previous scan of a standard at 212>155 m/z (Figure 4.13a) a similar
sized peak of resorufin was observed at 9.8 min however the peak for resorufin
glucuronide at 8.0 min upon undergoing methanol crash on a sample (Figure 4.14a) it
was not seen which is contrary to that of the standard. However in this case a very
small peak for the resorufin glucuronide product (8.0 min) was seen in the MRM scan

at 388>212 m/z (Figure 4.14b) which is also contrary to that which was observed in

134



this standard analysis in which a peak was not seen (Figure 4.13b). These observed
peaks were smaller in size than those that were deemed too small for proof of product

in the direct analysis, so it was decided to attempt alternative extraction methods.

Liquid-liquid extraction (LLE)

One of the two different extraction techniques tested was LLE. The goal was to
separate out the potential matrix causing the observed effect from the sample. The
tested solvents were 4% ammonium hydroxide and ethyl acetate. These samples were
then extracted into methanol and injected into the LC-TQ-MS using the optimised

method (Figure 4.15).
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Figure 4.15: HPLC chromatograms of a resorufin glucuronide standard extracted via LLE with
an MRM at (a) 212>155 m/z and at (b) 388>212 m/z.

Large and intense peaks were observed for both resorufin (9.8 min) and resorufin
glucuronide (8.0 min) in the MRM scan at 212>155 m/z (Figure 4.15a). Alongside this
resorufin glucuronide yielded a peak comparable to that of the standards that were
implemented directly prior to any extractions or buffer additions (Figure 4.9b)

Due to the high intense peaks observed under this extraction, a sample was subjected

to the same conditions. However, when implemented within the immiscible solution it
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was noted that the pale orange colour of the sample was found throughout both layers
showing that likely no separation was occurring, which was not comparable to the
standard in which the collected layer was visibly orange due to the resorufin
glucuronide. This was further shown by implementing the sample within the LC-TQ-

MS and no peaks were found.

C18 zip tips

The other extraction method tested was C18 zip tips. These were conducted by
wetting the zip tip by pipetting 10 pL of MilliQ water. The tip was then equilibrated
using 50% methanol in MilliQ water and then washed further with MilliQ water. Then
the resorufin glucuronide standard was aspirated within the tip 10 times and removed.
MilliQ water was then pipetted and removed. Methanol was then pipetted and removed

into a sample vial. This was then injected into the LC-TQ-MS (Figure 4.16)
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Figure 4.16: HPLC chromatograms of resorufin glucuronide incubated and extracted via C18
Zip tips with an MRM scan at (a) 212>155 m/z and at (b) 388>212 m/z.

Upon analysing this sample via LC-TQ-MS a small peak comparable to the previous
standards deemed too small were observed for both resorufin (212>155 m/z, 9.8 min,

Figure 4.16a) and resorufin glucuronide (388>212>m/z, 8.0 min, Figure 4.16b). It was
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noted that due to the also highly hydrophilic nature of resorufin glucuronide the
standard was potentially not entering the pores of the C18 tip sufficiently and being
flushed out when rinsed with water. Due to this it was theorised that after aspirating

the sample within the tip it could be left incubating for an extended period (10 min).
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Figure 4.17:HPLC chromatogram of resorufin glucuronide standard after being incubated
within a ¢18 ZipTip for 10 min and then extracted using an MRM scan set to (a) 212>155 m/z
and (b) 388>212 m/z.

When comparing these standards to those of the initial direct injection of standard
(Figure 4.9) at 100 puM approximately 10% of the peak height was retained for both
resorufin at 9.8 minutes(212>155 m/z, Figure 4.17a) and resorufin glucuronide and
8.0 minutes (388>212 m/z, Figure 4.17b). However, the peak for resorufin glucuronide
was 100x higher than the low values measured previously. Due to this extracting the
sample using the ZipTips was conducted to determine if product could be measured

in the samples after potentially undergoing metabolism within the device (Figure 4.18).
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Additional HPLC chromatograms shown in appendix
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Figure 0.26Figure 0.29 and their respective mass spectrum in appendix Figure 0.30-

Figure 0.34.
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Figure 4.18: HPLC chromatogram of a sample after being incubated within a c18 ZipTip for
10 minutes and then extracted using an MRM scan set to (a) 212>155 m/z and (b) 388>212
m/z.

The retention times of both resorufin (212>155 m/z, 9.8 min, Figure 4.18a) and
resorufin glucuronide (388>212 m/z, 8.0 min, Figure 4.18b) match those of the
optimised standards (Figure 4.9). Although the peak heights of these compounds are
not comparable to those of the pure standard, this could likely be due to the
unoptimized extraction method utilised for their analysis. Despite this the motivation of

this experiment was to allow for qualitative proof that the reactor could produce
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metabolic products. Alongside this scan a product ion scan was conducted to further

prove that the product formed was indeed resorufin glucuronide.
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Figure 4.19 Mass spectrum of resorufin glucuronide standard for the area under the curve at
8.0 min utilising a product ion scan set at (a) 212 m/z and at (b) 388 m/z and (c) an effluent
sample under the curve at 8.0 min utilising a product ion scan at 212 m/z and (d) 388 m/z.

When comparing the product ion scans at 212 m/z (a&c) and 388 m/z (b&d) for the
area under the curve at 8.0 minutes the major peaks in both scans contain the exact
same major peaks with 212, 155 and 118 m/z for the product ion scan set to 212 m/z

and 212 m/z for the product ion scan set to 388.

The fragments observed in this sample were comparable to those for both resorufin

(Figure 4.19a&c) and resorufin glucuronide standards (Figure 4.19b&d), showing the
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same fragmentations and proving that the product is indeed formed within the device
when both the correct co-factor and enzyme are contained within the microfluidic

device simultaneously.

4.4. Discussion

The aim of this chapter was to optimise a method for the synthesis of naturally
circulating metabolites using the enzyme UGT1al. Specifically focusing on making a
largely converted product bypassing the previous issues with current synthetic
methods.

Two different microfluidic devices were optimised and tested, one device being the
parallel device and the other being the serpentine device shown in 2.2a and 2.2b
respectively. A variety of different parameters were tested in both devices. Including

flow rate, temperature, and batch vs. flow.

Optimisation of enzymatic reactor

A variety of different blank devices were compared to the enzymatic run including
incubating with UGT but not including UDP-GA within the device, incubating without
UGT but including UDP-GA and finally incubating an alternative enzyme (TPI) and
including UDP-GA. No loss of resorufin was measured when only the correct co-factor,
enzyme or an alternative enzyme were found within the device. Which is comparable
to previous studies have shown that when either the UGT enzyme or the co-factor
(UDPGA) is not included within a system no conjugation will be measured (Kawase et

al., Ghosal et al., Nardone-White et al.).?86-288 However, 0.12 pg h'* was found within
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the device when both the correct cofactor and enzyme were available within the
system at 0.1 puL min1, the equivalent of ~95% conversion at the flow rate used.

The flow rate of substrate and co-factor combined was varied using the syringe pump,
allowing for the variation in residence time (Figure 4.6). No significant difference was
found between the flow rates compared. However, an increase in backpressure at the
higher flow rate (1 uL min*t) was observed as it was noted that in some devices the
tubing removed from the capillary it was attached to. This was likely due to the reduced
volume available upon silanising the surface of the glass. Typically, the longer
incubation times would allow for more product formation if a maxima of enzyme
capacity was not reached. Due to the decrease in incubation times not having a
significant difference on the yield on the three flow rates, it was likely that providing a
way to bypass the backpressure issue an increase in flow rate would allow for more
overall product to be formed and that the optimum flow rate was not fully discovered
due to this drawback.

Alongside this comparison two different device structures were tested, a parallel
device (shown in 2.2a) and a serpentine device (shown in 2.2b). It was also

that there was no significant difference in resorufin glucuronide formation between the
serpentine and parallel device. The serpentine device had a much lower surface area
to volume ratio in comparison to the parallel device (detailed in section 2.2), which
when typically increased would also yield an increase in overall product formed (Kim
et al.).?8° The main problem with the serpentine was the device was much more prone
to blockages upon silanising the device. This showed that even though the parallel
device did not provide a significantly higher conversion, it was much more viable for
the immobilism of the UGT1al microsomes. Although these two design types were

tested there were multiple other designs that may have provided equivalent surface
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area to volume ratio, alongside potentially bypassing the back pressure issue including

packed bead beds (Choi et al.) 281 and porous polymer monoliths (Peterson et al.).202:

290

Due to the temperature sensitive nature enzymes typically providing increased activity
upon heating until their denature point, at which it will rapidly decrease. The majority
of human enzymes, UGT1al included, work optimally at physiological temperature (37
°C). Three different temperatures were measured room temperature (controlled at
approximately 20 + 2 °C via an automated setting), 30 and 37 °C. Contrary to that
which was expected 37 °C provided almost no loss of fluorescence at all. Whereas 30
°C provided almost 100% conversion. This may be due to the structural changes of
the enzyme upon immobilising. It has previously been observed that immobilising an
enzyme can alter its fundamental properties. For example, Mazlan et al. found that
laccase’s optimum temperature shifts from 40 °C to 50 °C.?% Further studies have
shown similar results that upon immobilising the enzyme can have an effect on its
fundamental properties.??2% Although these typically show an increase, no studies
to the Authors’ knowledge have been conducted on immobilised conjugative enzymes
which may provide a lower temperature stability allowing them to be used more

effectively at room temperature.

A commonly used method throughout litelature is incubating the microsomes directly
with the substrate and co-factor within a solution; typically used for metabolite
determination. Upon conducting both of these experiments, a 2-hour runtime showed
no significant difference in amount of resorufin glucuronide formed was found between

the batch and flow-through method. However, this precludes the need for separation
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between the enzyme, co-factor, buffer and the product. Whilst bypassing the major
drawback to incubation methods, where in some cases the products inhibit the enzyme
preventing further metabolite formation (Fujiwara et al., Nasrin et al., Lv et al.).297-2%9
To further show the improvement this setup provides, the experiments were conducted
over a longer period of time. This showed that in the batch setup no significant
difference was found upon collecting for 4 h compared to 2 h of the flow-through. The
flow-through 4-hour collection combined with the 2-hour collection due to consistent
running and effluent collection showed approximately double the product formed. This
shows potential for use in a continuous system which may have commercial
applications, such as allowing for the synthesis of a usable quantity of product for

further pharmacological studies.

Analysis of samples post metabolism using the method optimised in sections 2.6 and
3.4 and identified resorufin (212>155 m/z, retention time 9.8 min) and resorufin
glucuronide (388>212 m/z, retention time 8.0 min). This demonstrated the formation
of resorufin glucuronide only when both the correct co-factor and substrate are
available within the system.

In summary, all of the currently used methods are viable for the determination of
metabolites formed in vivo. However, out of these mentioned none allow for the
synthesis of a concentrated product without the need for a complex separation. The
method developed throughout this chapter could potentially allow for the synthesis of
metabolites as shown in the mass spectrometry section, without any significant matrix
removal. Despite this there was an extraction of phosphate buffer that caused issues.
However, this was simply extractable utilising C18 zip tips. These are readily

extractable via variety of methods and would largely be applicable for a wide variety

143



of substrates without the need for much more optimisation. The next step would be to
optimise a more effective extraction method as roughly 50% of the substrate and
product were retained and then to quantify via mass spectrometry to develop a true
measurement of product.

The limitation of this work is due to the drawbacls from increased flow rates causing
large amounts of backpressure preventing a potentially much larger amount of
metabolite formation. These could be overcome by either altering the design of the
device which may also reduce the product formed due to the effect on the surface area
to volume ratio, or by scaling up the number of devices and utilising the currently
optimised device and flow rates. Ultimately the major limitation of this work is the
assumption that a loss of fluorescence is roughly equal to the overall amount of
product formed. Although product formation has been confirmed it is not currently
known whether the 95% loss of fluorescence is due to complete metabolism of
substrate. Another limitation of this work is due to the lack of knowledge on the actual
immobilisation of the enzyme itself and catalytic activity has been used as a

determination of device functionality.

45. Conclusion

The aim of this chapter was to develop and optimise a method allowing for the
synthesis of naturally circulating metabolites. Two different device structures were
tested with a variety of different parameters i.e., flow rate and temperature whilst
comparing to one of the currently used methods incubating enzyme co-factor and
substrate under optimum conditions.

This chapter showed that when comparing this method to one of the gold standard
methods for metabolite synthesis over a comparable amount of time (4-hours), more
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product is formed alongside avoiding the need of a complex separation that needs the
extraction of a variety of different products from a biological matrix.

In the following chapters, two other enzymes were optimised (SULT1al and CYP1lal)
to utilise a similar method allowing for the synthesis of both oxidised and glucuronide

conjugated metabolites that also naturally occur in vivo.
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5. Optimisation of a method for the
synthesis of naturally occurring
metabolites using SULT1al

5.1. Introduction

Sulfation is also one of the common elimination pathways for xenobiotics via the
addition of a sulfate group onto small non-polar compounds utilising the co-factor
PAPS, facilitating easier excretion via the kidneys in urine.3% A sulfated compound
may have significantly different therapeutic and toxicological effects from their
respective precursors.®%? Xenobiotics that undergo sulfation are typically non-toxic,
however this is not always the case. Paracetamol can undergo metabolism within the
body via glucuronidation and sulfation. Upon being sulfated, paracetamol can deplete
the body of available sulfates even at therapeutic levels potentially leading to an
alternative more toxic metabolic pathway being followed.?® Thus, understanding the
effects xenobiotics can have prior to entering the body is necessary. Currently testing
these pharmaceutically relevant xenobiotics is difficult due to a lack in availability of

standards or synthetic methods.

The current methods for synthesising sulfated metabolites in vitro are the same as
those mentioned in section 1.3; incubating s9 fractions, liver cell incubations, bacteria
overexpressing the enzyme and computer simulations. These synthetic methods are

usually optimised for the determination of products formed rather than a synthesis of
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a singular bulk product. Currently there is no synthetic method available that will allow
for the synthesis of xenobiotics that potentially yield pharmaceutical beneficially or
toxicological effects in quantities that allows for further testing simply. For example,
determination of a metabolites anti-tumour or antioxidative effects.

Microfluidic devices have already been applied for the immobilisation of enzymes and
the synthesis of sulfate substituted metabolites. Baudoin et al. (2014) 3°? conducted a
study using a biochip platform, and primary hepatocytes that were incubated within
the device. The device they have derived a utilised the parallelisation of 12 different
microfluidic devices allowing for the variation and testing of multiple parameters
simultaneously, Prior to incubating, seven different test compounds were flowed
through the device individually one of which being the previously mentioned
paracetamol. The formation of paracetamol sulfate was noted demonstrating merit in
combining both microfluidics and enzymatic catalysis, allowing for the synthesis of
sulfated metabolites as mentioned above.3%?

In this chapter the development and optimisation of a method for the synthesis of
metabolites via sulfation reactions naturally occurring in the human body will be
described. In which will include: optimisation of flow rate reaction temperature and
then comparing against optimal batch conditions frequently utilised in the wider
literature. Initial, biocatalysis was studied by fluorometric analysis in which the initial
substrate was fluorescent and product confirmation was determined using LC-TQ-MS

techniques.
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5.2. Experimental procedure

Microplate reader method

A calibration curve for resorufin was created by serial dilution of an initial
concentration of 100 uM. The dilution was carried out sixteen times by half in a V-
shaped 96-well microplate (STARLAB). Fluorescence intensity was measured using
a microplate reader set to 544 nm (Aex) and 590 nm (Aem) as optimised in the

Calibration curve for resorufin section of chapter 4.3.

Fabrication of microfluidic devices

Two different device structures were fabricated using The HF etching method

described in section 2.2.

Immobilisation of SULT1al supersomes

The immobilisation technigue described in both section 2.3 was followed. However
due to the concentration of enzyme available for purchase the initial concentration of

enzyme was lowered to 10 ng mL"!

Metabolism of test substrates

Due to the cross reactivity with resorufin between both UGT and SULT enzymes the

same method as described in section 2.3 was followed.
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Mass spectrometry

Using the effluents from reactor, in the presence and absence of appropriate cofactor,
p-nitrophenyl sulfate was measured via LC-MS. Effluents were directly injected within
the LC-TQ-MS as per the method described in section 2.6. A product ion scan in
negative mode was used for product confirmation of p-nitrophenyl sulfate with an m/z
of 218, respectively. Alongside this, the multiple reaction mode (MRM) was used for

further confirmation with selected transitions of 218—138 m/z.

5.3. Results

Comparison between controls and experimental enzymatic run

Prior to any optimisation steps the determination of device functionality was required.
A true run was conducted consisting of immobilising SULT1al enzyme overnight and
both resorufin and PAPS were flowed through the device. The three different controls
consisted of not immobilising the enzyme (SULT1al) but flowing co-factor and
resorufin through the device, immobilising the enzyme and only flowing resorufin
through and immobilising an alternative enzyme (TPI) and flowing both resorufin and
co-factor through the device using the previously optimised method from section 2.3,
the remaining concentration of resorufin was measured (Figure 5.1). Throughout this
section unless stated otherwise concentration of resorufin was determined using a
calibration curve utilising the fluorometric method described in section 2.5. A new

calibration curve alongside each set of samples when analysed.
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Figure 5.1: Comparison showing mean concentration of resorufin remaining £ SD post flowing
through the device between different blanks and a true enzymatic run. Dotted line represents
concentration of resorufin flowed through the devices. All bars have been conducted using an
n=3. Statistics performed by ANOVA with Bonferroni corrections, comparing each control to
true run, *** p= >0.0001.

This data within Figure 5.1 shows that no fluorescence was lost when either the correct
co-factor or enzyme were not available within the system. Showing that that enzymatic
activity was only detected when both the correct co-factor and correct enzyme are
available within the microfluidic device simultaneously resulting in a loss of
fluorescence equating to 92.9 + 7.2% (error calculated using standard deviation).
Whereas each of the controls equated to 0.3 = 23.7% without enzyme, 1.6 £ 14.9%
whilst excluding co-factor and 14.6 + 16.9% using an alternative enzyme (TPI) and in

the presence of co-factor.

Comparison between devices and flow rates

The next step was to optimise the device being used. To do this a variety of different
flow rates were tested in two different device types: a parallel and a serpentine device
(Figure 5.2).
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Figure 5.2: Comparison of mean resorufin remaining + SD comparing different flow rates and
devices. Serpentine was not continued for 1 L min due to consistent pressure and blocking
issues. Dotted line represents concentration of resorufin flowed through the devices. An
ANOVA with Bonferroni corrections was conducted, n=3; no significance difference was found
between these parameters.

Although no significant difference was found when comparing parallel and serpentine
devices an average loss of 88.2 + 15.7% at 0.5 pL min** and 79.3 + 3.9% at 1 puL min-
1 using the serpentine device but an average of 95.9 + 6.4% (Figure 5.2) was observed
for the parallel device which is a further improvement than that which was measured
in Figure 5.1 at 0.5 pL mint of 92.9 + 7.2%. This data demonstrates that less overall
resorufin is being lost within the serpentine device. Alongside this there was an
increased chance of blocking in the serpentine devices at higher flow rates due to
thinner channels. This was a limiting factor preventing more product formation over
shorter periods of time at these faster flow rates. In rare cases the parallel devices
also blocked upon silanisation for the development stage of this device to determine
individual optimum parameters the flow rate of 0.5 pL min-t was continued. Alongside
this due to the almost complete loss of fluorescence, any further optimisation would

not be visible utilising this analysis technique due to its low amount of resorufin
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remaining already. Upon optimising these devices, the flow rate of 1 uL min-* would
be recommended due to the increase in potential product formation.

The next step was the comparison between different temperatures to determine if
physiological relevant temperature (37°C) for the enzymes used provided an increase

in activity.

Comparison between temperatures

The previous experiments were conducted at room temperature. The overall activity
may be further increased by changing the temperature to 30 °C or physiological levels
(37 °C). These next steps were conducted at 0.5 pL mint as it would allow for a
determination of how much improvement in product formation the varying

temperatures provided (Figure 5.3).
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Figure 5.3: Comparison of mean resorufin remaining + SD between varying temperatures
using the parallel device at 0.5 pL min. Dotted line represents concentration of resorufin
flowed through the devices. An ANOVA with Bonferroni corrections comparing the three
different temperatures. ***, p=>0.0001, n=3.
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This data in Figure 5.3 shows that there is no significant difference in loss of
fluorescence between room temperature (92.9 + 7.2%) and 30 °C (92.2 + 10.2%)
conditions. However, interestingly 37 °C shows significantly reduced conversion when
compared (18.7 + 21.8%). This contradicts both the physiological optima of these
enzymes which matches those described in the distributors details this is comparable
to the data observed within the Effect of temperature on resorufin metabolism section

within the UGT chapter.

The next step was to ensure that metabolites are being formed within the device and
the loss of fluorescence is not due any fluorescence altering effects (i.e., pH shifting)

or the formation of alternative unexpected products.

Product confirmation

Unfortunately, there is no commercially available standard for resorufin sulfate, the
assumed metabolite formed throughout this chapter. In order to demonstrate that
these devices are forming the expected metabolic products a substrate and metabolite
that are commercially available was utilised instead. It was important to truly determine
if a specific metabolite is formed within the device, as this will allow for a direct
comparison yielding previously unobtainable information such as fragments beyond
the expected loss of 80 m/z being the sulfate group and retention time.

Nitrophenol and its sulfate conjugate, nitrophenyl sulfate which are both commercially
available and have been frequently used in the literature for the study of sulfation via
various SULT isoforms (as described in section 1.2). Due to its frequent use, the

expected fragmentations are already readily available allowing for an improved direct
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comparison further proving that it is definitely being formed within the device.
Alongside this it also demonstrated that these devices are not solely viable for the

formation of resorufin metabolites as this was previously the only tested substrate.

A variety of different HPLC chromatograms were ran within each injection but only the
MRMs have been shown to allow this research to be easier to follow. Additional HPLC
chromatogram for nitrophenol are shown in appendix Figure 0.35Figure 0.36,

nitrophenyl sulfate in appendix Figure 0.37-Figure 0.40.

As per the UGT chapter (4) a LC-TQ-MS was used to obtain HPLC chromatograms
for nitrophenol (Figure 5.4a) and nitrophenyl standards (Figure 5.4b) at 100 uM as

described in section 2.6.
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Figure 5.4: HPLC chromatograms of nitrophenol standard at 100 uM using an MRM scan at
(a) 138>108 m/z, and (b) 218>138 m/z.

The HPLC chromatogram obtained shows the retention times for both nitrophenol (8.7
minutes, 138>108 m/z, Figure 5.5a) and nitrophenyl sulfate (6.9 minutes, 218>138
m/z, Figure 5.5b) as previously determined in the optimisation sections within chapter

3 for Resorufin and Resorufin glucuronide. Due to the sharp, intense and clearly
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separated peaks, implementing an effluent sample was the next step to determine if a
sulphated metabolic product was formed within the device and if any nitrophenol
remained. Additional HPLC chromatogram for a sample are shown in appendix Figure

0.41-Figure 0.43 with their respective mass spectrum shown in appendix Figure 0.53-

Figure 0.56.
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Figure 5.5: HPLC chromatograms of a sample using an MRM scan at (a) 138>108 m/z
and an MRM at (b) 218>138 m/z.

Upon analysing both of these HPLC chromatograms it was noted that both the
nitrophenol peak (8.7 minutes, 138>108 m/z, Figure 5.6a) and the nitrophenyl sulfate
peak (6.9 minutes, 218>138 m/z, Figure 5.6b) were both visible at the same retention
time as the previously analysed standards. To further determine that this was definitely
these compounds A product ion scan analysing the area under the curves was

conducted.
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Figure 5.6: Mass spectrum for the area under the curve at 6.9 minutes using a product ion
scan at 218 m/z for (a) a nitrophenyl sulfate standard and (b) a sample collected from the
outlet of the microfluidic device.

When comparing the mass spectrum for the area under the curve at 6.9 minutes for a
product ion scan at 218 m/z for both the nitrophenyl sulfate standard (Figure 5.7a) and
a sample collected from the outlet of the microfluidic device (Figure 5.7b), it can be
seen that both the fragmentations between the two are exactly the same m/z. This
demonstrates that both the microfluidic device and the standard are the same
compound and therefore the microfluidic device is producing the known metabolic
product as previously theorised based on the fluorescence data throughout this

chapter.
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In order to demonstrate that the device only forms the metabolic product when the
enzyme is product a device was ran which did not include the enzyme, but the rest of
the steps were followed and was simply left in phosphate buffer instead. Additional
scans for the negative control are shown in appendix Figure 0.44-Figure 0.46 with their

related mass spectrum in appendix Figure 0.47-Figure 0.49, appendix Figure 0.50-

Figure 0.52.
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Figure 5.7: HPLC chromatograms of a blank sample where no cofactor was including using
an MRM scan at 138>108 m/z (a) and an MRM at 218>138 m/z (b).

A HPLC chromatogram for both 138>108 m/z (nitrophenol) and 218>138 m/z
(nitrophenyl sulfate) was conducted to determine if any of each was remaining/formed
within the device. It was observed that a large peak was found for nitrophenol in all of
the relevant scans. However, no peak was found for nitrophenyl sulfate in all scans
except for in the MRM scan but only a very small peak (100x smaller than that of the
standard) was found in comparison to the standards measured previously. This shows
that some conjugation may have occurred without the use of an enzyme. However,
this is not a sufficient amount to be viable for any further studies. As this peak was not
seen in the product ion scan it was not possible to see the fragments of the area under

the curve. This demonstrates that the enzyme is required to allow the formation of
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sulfated metabolic products and is not a naturally forming compound when both PAPS

(co-factor) and resorufin are both available within the same solution.

Finally, now that it has been demonstrated that metabolic products are formed within
the device it was important to compare this method to a frequently used method for
metabolic product synthesis being directly incubating the enzyme (SULT1al) with the

substrate (resorufin) and co-factor (PAPS).

Static vs. Flow

The method for conducting static experiments is described in section 2.4 and the room
temperature experiments optimised previously were conducted at the same time and
are shown in Figure 5.8. In order to allow for a direct comparison between these two
methods one assumption was required due to different effluent collections being
compared and concentrations were not suitable. The assumption being that the loss
of fluorescence was directly proportional to the production of metabolite, as this
information is not available using this fluorescence analysis. These two methods were
conducted simultaneously using the same PAPS and SULT solution, collections were

made from both every hour for two hours.
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Figure 5.8: Potential mean resorufin sulfate formed + SD based on fluorescence lost
comparing batch vs. flow conditions. An ANOVA with Bonferroni corrections comparing
the reaction time and devices. ***, p= >0.001, n=3.

Upon comparing both flow and static experiments, flow being the microfluidic device
and static being an in-solution experiment, it was shown that there was no significant
difference on the overall amount of potential resorufin that was converted over a 1-
hour period (static = 0.19 ng, flow = 0.48 £ 0.27 ng). However, upon allowing the
reaction to continue for a further under both conditions a significant amount more of
potential resorufin sulfate was formed over this time with the static reaction yielding no
more overall potential product (0.19 + 0.00 ng) over the extra hour period. In contrast

the flow through yielded significantly more potential product at 0.97 = 0.27 ng).

5.4. Discussion

The aim of this chapter was to optimise and develop a method allowing for the

synthesis of sulfated metabolites utilising the enzyme SULT1al. Specifically focusing

on high conversion to allow for the creation of standards for further studies.
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Two different microfluidic device structures were tested, a parallel and a serpentine
device shown in 2.2a and 2.2b, respectively. A variety of different parameters were
also tested within the device to ensure optimum conversion, i.e., temperature, flow

rate and compared to a commonly used incubation method.

Upon conducting a true metabolism run by incubating both enzyme and co-factor
alongside three different control conditions were also tested to allow for comparison
for whether resorufin concentration is lost/converted under different conditions (Figure
5.1). These controls were, incubating without immobilising the enzyme, running the
device but excluding the co-factor and immobilising an alternative enzyme. No
significant loss of resorufin was observed (via fluorescence) throughout any of the
blanks, in comparison to the true enzymatic run including both co-factor and the
correct enzyme which was significantly higher conversion at 0.48 pg hrt at a flow rate
of 0.5 uL mint. This is comparable to that which is found in literature in which all
studies that use a control in which either no co-factor or enzyme are included within
the system due to the limited product formation (Salman et al., 2011, Kim et al., 2004

and Stanley et al., 2001303-305),

Alongside these experiments multiple flow rates (0.1, 0.5 and 1 pL min-1) were tested
on both a parallel and a serpentine device (2.2a and 2.2b respectively). In which no
significant difference was found between either the devices or the flow rates as
detailed in Figure 5.2. Despite this, it was noted that there was a larger mean of
resorufin lost within the parallel device (95.9 + 6.4%) than the serpentine device (88.2
+ 15.7%). This demonstrates that whilst there was no significant difference the parallel

device yields overall more product and in a more precise manor. The flow rate 0.5 pL
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min-twas carried forward to avoid increasing back pressures from the high flow rates
and low volume/product formation from the lower volumes. The serpentine device had
much thinner channels (75 um) and the parallel had thicker channels (300 um) but
more conjoined channels allowing for more interactions between the surface and the
solution flowing through, both of which are described in section 2.2. Though the
serpentine device provided statistically the same conversion, the device was much
more prone to blocking due to the thinner channels and upon silanising the device
even thinner and smaller moisture levels could have a much higher effect and lead to
the formation of a thick amorphous layer due to polymerisation of the APTMS layer
(Pasternack, 2008).3%¢ This backpressure led to the sole use of the parallel device

throughout subsequent experiments.

The next set of experiments involved altering the temperature of the experiment. This
was decided as a necessary optimisation due to the temperature sensitivity of
enzymes. Typically, enzymes are optimal at ~37 °C however it has been noted that
upon immobilising an enzyme these properties can be altered, as described in the
discussion of chapter 4. Three different temperatures were tested: 20 + 2 °C, 30 °C
and 37 °C (Figure 5.3). The two lower temperatures at room temperature (20 £ 2 °C)
and 30 °C showed no significant difference to each other (92.9 + 7.2% and 92.2 +
10.2% respectively) in terms of yield. Contrary to which was expected 37 °C provided
little to no loss of resorufin (18.7 + 21.8%). It was decided to continue using room
temperature due to no significant difference between the two and an overall easier

setup bypassing the requirement for an incubator.
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A method currently used for the synthesis of naturally circulating metabolites is
incubating the enzyme with the co-factor and substrate (Figure 5.8). Although, this
method is generally good for the determination of metabolites that are naturally
formed, it is generally less viable for the synthesis of a single product. This is due to a
variety of reasons; including the enzyme being inhibited by the products formed, the
product being formed within a complex matrix and extremely low yields in general.
This method was conducted under optimum conditions as described by the
manufacturers (37 °C, pH 7.4) and for the equivalent time of the microfluidic devices
l.e., two collections over 2 h. This data showed no significant difference between the
initial timeframes. Which is still an overall improvement in comparison to the incubation
method due to bypassing the need for a complicated separation. However, upon
continuing the experiment for the extra hour a significantly higher product formation
was found showing that over a longer period of time the device provides more product
within a lower complexity environment (Figure 5.8). It is widely known in literature that
upon incubating the substrate with a co-factor and enzyme environment weaves the
resulting sample into a highly complex biological environment where only quantitative
analysis is available and collecting a pure substrate is very difficult (Decsi et al.,

2019).307

Nitrophenol is another readily metabolised molecule. Upon conducting the same
flowthrough protocol as for resorufin but with nitrophenol as a substrate these samples
were then analysed via mass spectrometry as described in Chapter 3 section titled
Mass spectrometry. Identifying nitrophenol (138>108 m/z, retention time 8.7 min,
Figure 5.5a) and nitrophenyl sulfate (218>138 m/z, retention time 6.9 min, Figure 5.5

b) when compared to their respective spectrum and chromatograms (Figure 5.4a-b).
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Demonstrating the formation of nitrophenyl sulfate when both the correct co-factor,
PAPS and enzyme, SULT1al are available within the system. Comparatively a blank
sample (no co-factor incubated with substrate, Figure 5.7) was also tested within the
same method and only nitrophenol (138>108 m/z, retention time 8.7 min) was found.
Demonstrating that as expected, when no co-factor was co-incubated within the device

no product is formed.

The limitation of this work is comparable to that of the previous chapter in which
currently an assumption is made on the overall amount of product formed as
fluorescence is directly linked to metabolism. Due to the mass spectrometry data, it
can be confirmed that a sulfated metabolite has been formed but this does not quantify
the overall product (the quantification comparing static conditions and flow devices is
based on potential formation assuming loss of fluorescence is directly proportional to
allow a direct comparison between the two) and only partial metabolism may have
occurred and a loss of fluorescence via an alternative reaction pathway or changes

within the solution.

5.5. Conclusion

The aim of this chapter was to optimise and develop a method allowing for the
synthesis of naturally circulating sulfated metabolites. A variety of different parameters
were tested namely, device structure, flow rate and temperature whilst also
determining that both the correct co-factor and enzyme are required for metabolic
activity. Providing both significant conversion and does not require any complex
separations.
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In the following chapter CYP1lal will be optimised in a similar fashion which allowing

for the potential of cascade reactions which commonly occur in vivo.
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6. Optimisation of the synthesis of
naturally occurring metabolites using
CYPlal

6.1. Introduction

The metabolites of cytochromes P450 enzymes are frequently observed as toxic on
the human body, however they are usually conjugated quickly via conjugative
enzymes preventing this toxicity from having a detrimental effect.3°® However, this is
not always the case.®%% 310 Functionalisation of xenobiotics by oxidation/reduction
reactions has been linked with promotion of carcinogenicity in some compounds, for
example, CYP1A (a member of the P450 family) enzyme is associated with PCB and
aryl hydrocarbon carcinogenicity. Due to this frequently observed toxicity and the fact
they account for approximately 75% of all xenobiotic and clinical drugs metabolism.31%
312 CYP facilitated metabolite formation has been much more extensively researched
due to the frequency in which their metabolites are observed and due to their unique
challenges when compared to conjugative enzymes.36: 313 These are due to its
complex catalytic cycle requiring substrate binding, two independent electron donating
events oxygen binding and product release.31* Due to these extra steps the orientation
in which the enzyme is immobilised becomes much more important.

The current methods for synthesising these metabolic products, comparable to both

the UGT and SULT section are include incubating s9 fractions, liver cell incubations,
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bacteria overexpressing the enzyme and computer simulations (described in detail in
section 1.3).

Cytochrome P450 immobilised microfluidic devices have previously been utilised for
the synthesis of oxidised/reduced metabolites. For example, Sathyanarayanan, et al.
immobilised CYP1al within a porous polymer IMER to allow the synthesis of resorufin

from 7-ethoxyresorufin.31>

Cypexpress enzymatic systems are advertised as having longer lifetimes, increased
stability over a longer period of time and allow for more repeated uses in comparison
to other enzyme systems. This would also demonstrate that this technique is
applicable for a variety of different enzyme containing systems. Thus, contrarily to the

previous chapters a Cypexpress enzyme was tested as well as corning supersomes.

In this chapter, the preliminary research for the development and optimisation of a
method for the synthesis of metabolites via oxidation/reduction reactions naturally

occurring in the human body will be described. In which will include:

Two different enzymatic systems with the first being CYP supersome optimisation
were undertaken in which temperature, flow rate and alternative potential
improvements were changed. This was compared to optimal batch conditions
frequently utilised in the wider literature. Secondly Cypexpress systems in which
optimisation of flow rate, immobilisation temperature and initial substrate
concentration were tested. Initial, biocatalysis was studied by fluorometric analysis in
which the product was fluorescent. Product confirmation was determined using LC-

TQ-MS techniques and lastly semi quantification was then undertaken.
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6.2. Experimental procedure

Determination of resorufin concentration

A calibration curve for resorufin was created by serial dilution of an initial concentration
of 100 uM. The dilution was carried out sixteen times by half in a V-shaped 96-well
microplate (STARLAB). Fluorescence intensity was measured using a microplate
reader set to 544 nm (Aex) and 590 nm (Aem) as optimised in the Calibration curve for

resorufin section in chapter 4.

Fabrication of microfluidic devices

The devices used were fabricated using the HF etching technique as described in

sections 2.2.

Immobilisation of CYPlal supersomes

Both CYP supersomes and microsomes were immobilised comparatively immobilised
as sections 2.3 and 0 at an initial enzyme concentration of 0.15 mg mL* and 10 ng
mL-1respectively. When immobilising supersomes the immobilisation temperature was
altered to 20 + 2 °C, 4 °C and 37 °C as the Cypexpress supersomes were precipitating

when cooled to 4 °C.

Metabolism of test substrates

As a test substrate, the reverse of the two previous chapters was conducted in which

the initial substrate (7-ethoxyresorufin) was metabolised into resorufin leading to a
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formation of fluorescence when analysed via plate reader fluorimetry as described in

sections 2.5.

Mass spectrometry

The mass spectrometry method covered in detail in both sections 2.6 and 0 was
followed. The difference being the scans where a product ion scan was used for
product confirmation of both 7-ethoxyresorufin in positive mode and resorufin in
negative mode with m/z of 242 and 212, respectively. Alongside this, the multiple
reaction mode (MRM) was used for further confirmation with selected transitions of

242—214 and 212—155 m/z, respectively.

6.3. Results

CYP supersomes

The immobilisation of cytochrome P450 was conducted as previously mentioned in

both the UGT and SULT chapter and is described in 2.3.

Comparison of a true run vs a variety of controls

A comparison between a true run (a run containing both the CYP1al and NADPH)and
the three different controls, as described in chapters 4 and 5 (co-factor no enzyme,
enzyme no cofactor and using an alternative non-reactive enzyme) was conducted at
a substrate (7-ethoxyresorufin, 100 puM) flow rate of 0.5 uL mint and at room
temperature, the optimal parameters from the previous chapters in order to determine
if resorufin was only formed when both the correct co-factor and enzyme were

available within the system. Effluent was collected after 24 minutes and analysed
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utilising the fluorescence plate reader analytical technique described in section 2.5

(Figure 6.1).

Resorufin converted blanks vs IMER

Concentration resorufin formed (uM)
w

0
cv - - + +
NADPH + + -
Alt Enzyme + - - -

+

Figure 6.1: Comparison of mean resorufin formed + SD between a true run and three blanks
with an initial substrate concentration of 100 uM. No significant difference found between all
tests using a one-way ANOVA with Bonferroni corrections, p>.05, n=3)

The data in this figure shows that when both the correct co-factor and enzyme are
available in the system 2.70 + 3.79 uM is found. Due to the high degree of
irreproducibility in this data there is no significant difference between this and any of
the conducted blanks. However, a trend comparable to the previous chapters was
found in which the true run containing both enzyme and co-factor yielded the highest
result, the with the rest being smaller due to the lack of available necessary co-
factor/enzyme. This conversion equated to approximately 2.7 + 3.8% (Figure 6.1)
utilising the supersomes. All reactions up until this point have been conducted at room
temperature (20 + 2 °C) and typically human enzymes have an optimum of 37 °C. Both
the UGT and SULT chapter demonstrated that this optimum was altered upon

immobilising the enzyme via covalent bonding. However due to the low overall
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conversion there was a chance that increasing the temperature would increase this

overall conversion.

Temperature

Also, as previously for UGT and SULT three different temperatures were tested
simultaneously at the previous optimum flow rate for chapter 4 and 5 of 0.5 pL min-t

(20 £ 2 °C, 30 °C and 37 °C), shown in Figure 6.2.
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Figure 6.2: Comparison of mean resorufin formed + SD under different incubation
temperatures. No significant difference found between all tests using a one-way ANOVA with
Bonferroni corrections, p>.05, n=3).

Conversely to the previous chapters 30 °C provided very little conversion and both
room temperature and 37 °C provided some conversion (2.70 + 3.79 uM and 0.63 =
1.18 uM, respectively (Figure 6.2). However, due to the inconsistencies between
comparable conditions alongside the relatively low yield it was deemed unsuitable for
the bulk synthesis of metabolic products. It was determined that potentially increasing
the amount of time the substrate was within the device (slowing the flow rate) would
increase the overall conversion provided due to increased chances of collisions with

the enzymes active site.
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Flow rate

As previously reported for SULT and UGT, different flow rates (0.1, 0.5 and 1 pL min-
1) were tested via the addition of the correct co-factor and immobilised enzyme utilising
the fluorescence plate reader analysis described in section 2.5 to assess the

relationship between flow rate and the devices output and yield (Figure 6.3).
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Figure 6.3: Comparison of mean resorufin formed + SD under different flow rates using
CYP1lal supersomes. No significant difference found between all tests using a one-way
ANOVA with Bonferroni corrections, p>.05, n=3).

This fluorescence data obtained from demonstrates that a much larger amount of
product (19.65 + 34.03 uM) was formed at the lower flow rate of 0.1 pL min-t compared
to both 0.5 and 1 pL min? (0.94 + 1.28 uM and 0.88 + 0.75 uM, but this was not

consistent, and a large error/inter-device variability is obtained.

To attempt to increase overall substrate conversion, two different tests were viable
options. One of which includes cooling the syringe to prevent potential NADPH
degradation, the other being incubating NADPH within the device for an hour allowing

for the initial step in the reaction to occur prior to flowing substrate.
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Alternative potential improvements

Upon conducting a wide variety of optimisation steps comparable to both the UGT and
the SULT immobilised devices a maximum of 19.65 = 34.03 uM has been formed
comparable to a yield of 20 £ 34% which whilst this is not inconsequential a large
variation is observed between each device even in comparable conditions,
demonstrating a lack of reproducibility and reliability with the devices as they are

currently.

Two different tests were conducted to determine if this could be improved; incubating
the NADPH co-factor (100 puM) within the microfluidic devices for an hour to allow the
initial step in the reaction to occur prior to flowing substrate through the device at the
previously optimised 0.1 uL min't; and cooling the syringe whilst flowing through the
device to prevent the NADPH from degrading prior to any reaction occurring due to its

relatively short half-life (Figure 6.4).
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Figure 6.4: Comparison of mean resorufin formed + SD between two different tests, cooling
the syringe and incubating the NADPH for an hour prior to flowing substrate. Scaled to 10 uM
to allow visualisation of data typical 100 uM used in this chapter would not allow visible bars.
No significant difference found between both tests using a one-way ANOVA with Bonferroni
corrections, p>.05, n=3).
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The data described in Figure 6.4 shows the observations made when conducting two
potential improvements which also appeared to have negative effect on the amount of
product formed. Cooling the NADPH was a potentially desirable parameter due to its
low stability and readily undergoing spontaneous degradation at room temperature.
This yielded only 0.76 = 1.28 uM representing lower product formation than the method

utilising a syringe at room temperature.36

Alternatively, incubating the NADPH with the immobilised CYP enzyme was decided,
as throughout literature it is common for the enzyme and the NADPH co-factor to be
within one solution prior to being incubated within the sample. For example, Kosaka
et al. observed a 50-fold increase in enzyme activity upon pre-incubating CYP enzyme
with NADPH compared to no pre-incubation.®!” This yielded no measurable product
formation demonstrating that neither of these steps were beneficial on product
formation in flowthrough conditions, thus were not carried forward due to even less

product formed than the initial method at 0.1 L min-L.

As all of the optimisation options have been exhausted and some measurable product
was observed, the next step was to use the optimised steps available to determine if
the frequently used methods provide any product formation. This will determine
whether the method optimised in this section is comparable or better than the literature
derived method of directly incubating CYP enzyme, substrate and co-factor. These
two methods will be compared allowing the devices to undergo metabolism over a
longer period of time similar to the UGT and SULT chapter, all of the experiments
conducted in this chapter up until now were conducted over a maximum of a 2 hour

period and for the comparison to incubation allowing the devices to continue running
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over 6 hours was studied to determine if the devices yield more product if allowed to

run over a longer period of time.

Static vs. Flow
A comparison to the commonly used method of incubating substrate, co-factor and

enzyme as described in section 2.3 and was compared to the optimised parameters
throughout this chapter (temperature 20 + 2 °C and flow rate at 0.1 pL min,

Figure 6.5.
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Figure 6.5: Comparison of mean resorufin formed + SD within both an incubation and a
flowthrough method over time. No significant difference found between all tests using a one-
way ANOVA with Bonferroni corrections, p>.05, n=3).

Figure 6.5 demonstrates a comparison between the frequently used method directly
incubating co-factor enzyme and substrate (batch) with the optimised immobilised
CYP reactor (flow). A concentration of 0.76 + 0.64 uM was obtained over a 2-hour
period, 6.24 + 5.36 uM over 4 hours and 15.54 + 12.36 uM over 6 hours. For batch
conditions for the first 2 hours 0.10 + 0.02 uM was measured and no further product
was measured upon any extended times. Despite these large differences in mean due
to the lack of reproducibility between the data no significant difference is found

between any of these values. It was theorised that, due to the difference between
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supersomes and the previously used microsomes, that this may have had a large
effect on the enzymes overall metabolic activity upon undergoing covalent
immobilisation or that the enzyme was not being immobilised as effectively due to

structural differences in supersomes to microsomes.

It was noted that this was the first time the device yielded measurable quantities of
product in which the error bar does not include no product formation at all. Although a
large variation is observed within this data set at 6 hours, it demonstrates that
measurable quantities of product can be formed and that running this device for more
than 6 hours may have yielded further conversion. Alongside this it is demonstrated
that the direct incubation method yielded no measurable product formed over any
period of time and that throughout these experiments the flowthrough devices at 0.1
UL min-t are vastly improving on the previous method of directly incubating the enzyme

co-factor and substrate.

Cypexpress

Flow rate

Due to the property differences between the Cypexpress and the supersomes
enzymes, it was noted that there was a significant loss of solubility for Cypexpress
enzyme l.e., the equivalent concentration used in chapter 4 (0.15 mg mL!) was not
soluble in phosphate buffer. Due to this the first step was to determine solubility of the
Cypexpress enzyme across a variety of different solvents. The previously used
phosphate buffer was used and little to no enzyme appeared to dissolve, then

chloroform, methanol and DMF were tested with significant solubility found with DMF
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at least in high concentration (between 50-100% in water). These high concentrations
however in literature a significant impact on the activity of the enzyme thus
reducing/halting catalytic activity concentrations of only 2.5% have previously been
tested on Cypexpress systems by the commercial provider (Oxford Biomedical
Research, Inc.).3'® The decision was made to lower the DMF concentration to 2%,
which appeared to be the minimum needed to dissolve the previously tested
concentration of enzyme in chapter 4 (0.15 mg mL-Y). This was tested by sequentially
lowering the concentration of DMF and observing the amount of precipitate. After
determining this, the enzyme was immobilised using the technique described in 2.3 at

4 °C. Upon doing this, a determination of optimum flow rate was the next logical step.

In the previous chapters typically, a higher conversion was found utilising slower flow
rates. It was determined that lowering the flow rate and allowing the substrate to reside
within the device for 5 times longer may significantly affect the overall conversion. Two
different substrate flow rates were tested on the same day 0.1 pL and 0.5 pyL min-* at
the equivalent concentration of 7-ethoxyresorufin to the previous two chapters (4 and
5), to allow further understanding if cascading these two devices together utilising the
method described in 2.2 and 2.3 would demonstrate if these faster flow rates yield the
equivalent amount of product over shorter periods of time. Effluent was collected at
respective times ensuring that the same volume was collected for each sample. The
flow rate 1 yL min-1 was not tested due to typically the faster flow rates yield lower
overall conversion and very little conversion was observed for both of the tested flow

rates as shown in Figure 6.6.
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Figure 6.6: Mean concentration of resorufin formed + SD upon flowthrough at different flow
rates with an initial concentration of 100 uM. No significant difference found between all tests
using a one-way ANOVA with Bonferroni corrections, p>.05, n=3).

Previous experience with conjugative enzymes suggested that altering flow rate can
yield an increase in metabolite production but this was not observed with the
Cypexpress enzyme. Concentration of resorufin was measured at these two flow rates
at which neither yielded a significant or measurable amount of resorufin (Figure 6.6).
Due to the initial concentration of 7-ethoxyresorufin being 100 uM, an overall yield of
~0.2% was observed showing that this method was not currently viable for the
formation of standard quantities that can be utilised for further research. It was noted
that when flushing the device of the leftover Cypexpress solution that some of the
powder had dropped out of solution. This demonstrated that at the typical
immobilisation strategy utilised throughout this thesis for supersomes was not
applicable for Cypexpress systems. The next step was to optimise the solubility of the
Cypexpress enzymes without significantly affecting catalytic activity. Alongside this as
no conversion was measurable at this substrate concentration this was lowered to

ensure that the enzyme was not saturated preventing product formation.
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Substrate concentration and immobilisation temperature variation

Once this was determined immobilising the enzyme was then tested as discussed in
previous chapters and in section 2.3. It was noted that although at room temperature
the enzyme stayed in solution at 4 °C overnight, very little remained and a precipitate
visually comparable to the neat Cypexpress powder. This caused minor, fixable
blockages with flowthrough of the DMF solution. However, there is an increased
chance of enzyme degradation at higher temperatures, especially as the
immobilisation required an incubation overnight. Due to this in contrast to chapter 4
and 5, immobilising the enzyme at 3 different temperatures was tested (4 °C, room
temperature, and 37 °C) due to the observed precipitation of the Cypexpress based
enzymes. For both 4 °C and 37 °C the enzyme was no longer dissolved for different
reasons. At 4 °C the temperature cooling lowered the solvation limit causing the
enzyme to precipitate out of solution causing device blockages. Upon attempting to
immobilise the enzyme at 37 °C the solution within the device evaporated leaving only
the enzyme residue. This did cause some blocking issues however devices were still
able to flow in some cases.

Alongside, these temperature variations, lower substrate concentrations were also
varied to ensure device was not reaching catalytic limits, demonstrating that with
further optimisation there is potential for more overall product formation (Figure 6.7).
Upon immobilising the enzyme at each of the three temperatures, determining whether
these devices yielded any metabolic activity was conducted using the method
described in 2.3 and 2.5. Three different initial substrate concentrations were tested
(5, 10 and 50 pM) and for 50 uM three different enzyme immobilisation incubation
temperatures (4, 20 + 2 and 37 °C) were tested within the enzyme immobilised
microfluidic devices at 0.5 pL min utilising the method detailed in 2.3 to determine if
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there is a way to bypass the enzyme dropping out of solution without causing enzyme

degradation at the increased temperatures.
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Figure 6.7: Mean concentration of resorufin formed + SD upon flowthrough after immobilising
the enzyme within the device at different temperatures under varying initial substrate
concentrations (between 5 and 50 pM) at 0.5 puL mint. No significant difference found between
all tests using a one-way ANOVA with Bonferroni corrections, p>.05, n=3)

Initially the substrate concentration was varied utilising the immobilisation temperature
(4 °C) used in both chapter 4 and 5 and no significant effect was observed, with both
5 and 50 uM initial concentration yielding comparable results with 2.08 + 1.21 uM and
1.82 + 3.04 pM respectively and no fluorescence was observed at 10 uM. This
demonstrated that the enzyme was not saturated but independent of concentration
inconsistent results were obtained (Figure 6.7). Due to the precipitate forming within
the device altering the temperature utilised when incubating the enzyme in the
immobilisation process. Previously in chapters 4 and 5, a temperature of 4 °C was
utilised when immobilising due to an enzymes increased degradation occurring at
higher temperatures. However, these Cypexpress enzymes boast higher thermal
stability and longevity which may allow a bypass of the enzyme precipitating within the
device which is unique to the Cypexpress enzymes and was not observed with

supersomes. It was noted that at both room temperature (20 £ 2 °C) and 37 °C the
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precipitate was not formed. The fluorescence data showed that both 4 °C and 37 °C
yielded minimal product formation at 1.82 + 3.04 uM and 1.02 £+ 0.70 uM respectively.
Whereas 20 + 2 °C showed much higher product formation (8.50 + 5.93 uM). However,
a large amount of variability was still observed demonstrating that this method was not

viable for the synthesis of bulk quantities of metabolic products.

With all data obtained utilising the Cypexpress enzymes a much higher variability and
lower comparable yield to the previous two chapters. This may be due to the increased
complexity of CYP based reactions over conjugative reactions or could be due to the
use of Cypexpress enzymes alternatively to supersomes. In order to determine if
product was being formed within the devices but was not being measured due to an
unexpected effect analysing the samples and blanks from Figure 6.1 via the LC-TQ-

MS method optimised in chapter 2.6.

Product confirmation

To this point, all assessment of CYP1A conversion from 7-ethoxyresorufin to resorufin
has been conducted using a fluorescence assay. In order to determine if resorufin was
formed within these devices an LC-MS approach was used and compared to the
standards optimised in chapter 0 and 0. Figure 6.8 shows the likely parent ions

observed for both 7-ethoxyresorufin and resorufin.
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Figure 6.8: Structure of both 7-ethoxyresorufin and resorufin ions with their respective m/z
utilised for the product ion scan and MRM fragmentation.

7-Ethoxyresorufin and resorufin standards for the determination of their respective
retention time and maximal intensity at the utilised concentration were analysed with
spray voltage 2.32 kV, capillary temperature 300 °C, oven temperature at 40 °C using
a C18 column optimised as discussed in 2.6, with representative traces shown in
Figure 6.9. Additional HPLC chromatogram for resorufin standard is shown in
appendix Figure 0.57 and 7-ethoxyresorufin is shown in appendix Figure 0.58-Figure

0.61.
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Figure 6.9: HPLC chromatogram for using the previously optimised MRM scan, for both 7-
ethoxyresorufin (a) 242>214 m/z and resorufin, (b) 212>155 m/z at the concentration flowed
through the devices using standards (100 puM).

This MRM scan shows that the retention time of both 7-ethoxyresorufin (11.2 minutes,
242>214 m/z) and resorufin (9.8 minutes, 212>155 m/z) both peaks’ maxima would
not overlap, allowing them to be independently measured alongside them not
appearing in the scans optimised for the other respective analyte. It was worth noting
that 7-ethoxyresorufin saturated the detector, so an accurate peak area was not
calculatable, although an accurate retention time was determined using the product
lon scan instead of MRM. This was not comparable to the respective metabolites for
the other chapters (resorufin glucuronide and nitrophenyl sulfate) which may have
been due to positive mode being used rather than negative in which typically there is
a 10-fold increase in intensity. Due to these sizable peaks the next step was to
determine if any resorufin could be measured upon undergoing metabolism within the

microfluidic device.

182



2.5%10'77 2.5% 10"
11.2 9.8
7 min 15 min
2.0x10 2.0x10
Ethoxresorufin
%1.5x10'7' ~ %1_5)(10@_ Resorufin
c c
-9' +7 -9 +5
£1.0x10"1 £ 1.0x10™1
5.0 x 10" 5.0 10"
L
+0 +0
0-0x1077 5 10 15 20 0.010 5 10 15 20
Retention time (min) Retention time (min)

Figure 6.10: HPLC chromatogram for effluent collected post flowthrough of 7-ethoxyresorufin
(100 uM) through the device at room temperature utilising an MRM set to (a) 242>214 m/z
and (b) 212>155 m/z.

Upon analysing the sample chromatograms, a sizeable peak for 7-ethoxyresorufin
(11.2 minutes, Figure 6.10a) was observed as expected, although the peak is no
longer saturating the detector and could be measured as an accurate peak area.
Although unexpectedly for resorufin a much larger peak than was expected based on
the previous fluorescence data throughout this chapter (9.8 minutes, Figure 6.10b),
which was approximately 30% of the peak area of resorufin standard at 100 pM
(comparing Figure 6.9b and Figure 6.10b). This demonstrates that although the
fluorescence data showed little to no product formation, resorufin was indeed being
formed within the device, and suggests that there was some unidentified issue with
the fluorescence-based plate reader assay for quantifying resorufin production.

The mass spectrum for both 7-ethoxyresorufin and resorufin are shown below (Figure
6.11), confirming the correct identification of both substrate and product in the reactor
effluent. Additional sample HPLC chromatograms are shown in appendix Figure 0.62-
Figure 0.64 with their respective mass spectrum are shown in appendix Figure 0.65-

Figure 0.67.

183



6.
1.5x10 212

m/z

1.0 x10"°1

118
m/z

Intensity

155
m/z

5.0x10"°1

0
. . I
0.0>10 0 50 100 150 200 250

b)

1.0x 10*°1

7.5% 101 212

mfz

5.0x10"1

Intensity

118

mfz
183

2.5x 101 Mo 155 10
miz iz 168

mfz

+0
0.010 50 100 150 200 250

m/z

Figure 6.11: Mass spectrum of a product ion scan (212 m/z) for the area under the curve at
9.8 minutes for both (a) resorufin standard and (b) effluent from enzyme immobilised
microfluidic device.

Upon comparing both product ion scans at 212 m/z for both a 7-ethoxyresorufin
standard (100 pM) and a sample collected from the outlet of the device. Both yielded
exactly the same major fragments, demonstrating that resorufin was indeed formed
within this metabolic device and that the results from the fluorescence data was largely
unreliable in the amount of product formed. This is contradictory to that which was
observed in the previous chapters where resorufin and its metabolic products were
readily observed, and the overall trends observed were further proven via LC-TQ-MS
analysis. Whereas, what would have been an immeasurable amount of product based
on the concentration measured in fluorescence was a very clear and visible peak in
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LC-TQ-MS. This is potentially due to the difference in matrix between the CYP and
UGT/SULT enzymes and something within the co-factor or enzyme solution was

guenching the natural fluorescence of the product resorufin.

A blank sample was then injected to determine if similar peaks were found and that
there was a resorufin like substrate forming naturally within the device or whether
resorufin was actually forming within the device. Additional HPLC chromatograms for
a negative control are shown in appendix Figure 0.68-Figure 0.70 with their respective

mass spectrum in appendix Figure 0.71-Figure 0.74.
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Figure 6.12: HPLC chromatogram for a blank sample on a LC-TQ-MS using an MRM scan at

(a) 242>214 m/z and (b) 212>155 m/z.

The chromatogram of a blank sample where the cofactor was not implemented within
the flow-through device showed a small peak for 7-ethoxyresorufin (242>214 m/z)
much lower than the comparable standard. However no visible peak for resorufin was
found above the levels of the background. This demonstrates that, while the device
did show a loss of 7-ethoxyresorufin, it did not metabolise into resorufin showing that

metabolic products are only formed when the co-factor is included in the flow-through.

185



All of these HPLC and MS experiments show that the fluorescence data is largely
unreliable in determining the amount of product formed. However an approximation
can be gathered by using a ratio between the equivalent of 100% conversion (100 uM
resorufin) and any measured sample. Due to this LC-TQ-MS analysis was conducted
on the three different flow rates measured previously alongside the three different

blanks.

Mass spectra semi-quantification

Due to the contradictory information measured in the fluorescence plate reader
method, it was decided to repeat some key experiments using LC-TQ-MS detection of
resorufin as an endpoint. Initially the true run against different controls (no cofactor,
no enzyme, different enzyme controls) which demonstrated, contrary to the
fluorescence assay data, that the CYP1A reactors reproducibly produce resorufin from
7-ethoxyresorufin only when both NADPH and CYP1A enzyme is present in the

reactors (Figure 6.13).
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Figure 6.13: Comparison between mean resorufin formed £+ SD in a true run against a variety
of different blanks using the exact same samples as Figure 6.1 which were frozen immediately
after analysed. An ANOVA with Bonferroni corrections comparing the blanks and true run. *,
p= <0.05.

Contradictory to the fluorescence analysis method this shows that there is a significant
difference between the blanks and the true run. This shows that upon metabolising
using the CYP1lal enzyme, an interferent is formed prior to or during the reaction
causing a lack of fluorescence. The peak area was approximately 25% that of a 100
UM standard in which assuming linearity up to this level, would have been visible in
the working range of the plate reader fluorometric method but was not seen in the
comparable experiments. It was noted that the trend in which the solution containing
both the correct enzyme and co-factor yielded the highest overall product formed and

the others showed almost no resorufin formation.

The determination of relative 7-ethoxyresorufin concentration was not viable for this
analysis due to the concentration implemented within the device saturating the
detector so an accurate peak area was not determined, but it is worth noting that the

detector was no longer saturated upon flowing through the enzyme immobilised
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device. Finally representative samples obtained using the previous flow rate
experiments were analysed on the same method. Unfortunately, due to the amount of
time remaining within the research phase of this study, very few repeats or samples
were measured on the LC-MS to repeat the previous experiments to determine a true

optimisation.

A small n=1 study was undertaken on the 3 different flow rates (0.1, 0.5 and 1 pL min-
1) tested previously on this chapter by implementing them into the LC-TQ-MS. A small
increase in relative peak area was visible at 0.1 uL mint. No difference was visible
between 0.5 and 1 pL min-! Alongside this another n=1 was analysed halving the initial
substrate concentration for the 0.5 pL min-! flow rate from 100 to 50 uM, this lowered
the overall relative peak area by half demonstrating that the enzyme within the device

was not saturated/limiting the product formation.

Future work would focus on the analysis of each of the parameters measured
throughout this chapter via the use of LC-MS to determine more accurate

concentration values.

6.4. Discussion

Throughout this chapter a wide variety of optimisation techniques have been tested
including flow rate, temperature, incubating co-factor and syringe cooling and
compared to three different blanks. The commonly used method of fluorescence
analysis was used throughout this chapter for the determination of resorufin
concentration. However, towards the end of this study it was determined that this was
not accurate for this particular enzyme system as the highly fluorescent product was

formed as shown by the mass spectrometry data in Figure 6.9-Figure 6.11 Due to time
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constraints only, a select few samples were measured and compared to that of a
standard equivalent to 100% conversion (100 uM). Due to this the data demonstrated
in Figure 6.1-Figure 6.7 are not representative of the amount of product formed within
the device. However, similar trends within this data are found comparable to the
previous chapters such as blanks yielding lower results and lower flow rates typically

providing a higher yield.

The first set of samples analysed via the mass spectrometry method described and
optimised in section 2.6 were a comparison of a true enzymatic run to the three
different blanks (Figure 6.13). This data showed a relative peak area of ~0.25 equating
to a 25% conversion assuming that there is a linear correlation between peak area
and resorufin concentration; leading to a potential overall conversion of 25 pM.
Whereas very little 7-ethoxyresorufin was measured for any of the blanks showing that
conversion is occurring only when both the correct co-factor and enzyme are available
within the system. This is comparable to both of the previous chapters for UGT and
SULT alongside that which has been described in the literature (Stiborova et al.31° and

Yu et al. 329),

The other samples analysed were the 3 different flow rates and altering their initial
concentration (data not shown). However, no repeats were conducted throughout
these experiments. From the data obtained very little difference was found in
conversion upon the three different flow rates and by lowering the initial substrate
concentration by half, half of the product appeared to be formed. This shows that at
the current conditions the enzyme is not saturated with substrate and that there is
potential for product formation with further optimisation. Upon reaching the end of

these experiments a repeat of the optimisation is required to determine whether the
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parameters tested throughout this chapter were indeed the optimum. Although these
problems have been identified, proof of conversion via this method has been shown.
This demonstrates with further optimisation it will potentially be viable for the synthesis
of naturally circulating metabolites. The next step of this research would be to
recomplete the previous optimisation steps and quantify via mass spectrometry to
allow a true measurement of product formed and bypass the fluorescence issues

previously experienced.

The limitations of this work include the fluorescence data not correlating with that
which was observed via mass spectrometry when comparing the different blanks vs.
the true runs, in which a much larger resorufin peak was observed and was

significantly different to the blanks.

The success of the previous chapters fluorescence analysis which was overarchingly
proven via the use of LC-TQ-MS. The overarching trends in the previous two chapters
were largely followed upon comparing the two different analytical techniques. Despite
this, an interfering effect appears to have occurred within the matrix of the effluent of
this immobilised enzyme device. Either via another reaction pathway which inhibits the
resorufin fluorescence or the unreacted co-factor or degradation product (due to its

relatively short half-life) also having an inhibitory effect.

Due to this, only limited results have been gained determining the optimum parameters
in which only a comparison between blanks and true runs was obtained and a lack of
repeats at different flow rates. Alongside this, due to a lack of fluorescence the use of
Cypexpress enzymes were disregarded. However, after discovering a lack of
fluorescence although a formation of resorufin was found these may also have yielded

positive metabolism results.
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6.5. Conclusion

This chapter aimed to optimise and develop a method allowing for the synthesis of
oxidative metabolites utilising the enzyme CYP1lal. This method shows merit for the
synthesis for these metabolites with mass spectrometry results showing fairly large
peaks of resorufin. However, a quantitative analysis of product formed have
unfortunately not been determined due to fluorometric issues within this biological
matrix. Despite this, due to the mass spectrometry data it has been demonstrated that
this device is functional in the formation of a CYP catalysed metabolite. However,
further research and optimisation is necessary for the synthesis of necessary

guantities allowing for further studies on a metabolite’s effects on the human body.
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7. General discussion

Within the human body, the beneficial or toxicological effects of compounds can be
significantly changed by undergoing the metabolism of xenobiotics. In some cases, a
previously beneficial compound can be metabolised into something that causes toxic
effects on the body. For example, paracetamol if an alternative pathway is undertaken
leading to the formation of NADPQI. This has led to the USFDA to altering their rules
on the development of drugs when continuing to animal and later human testing; in
which an understanding of metabolites formed is now required and the rules will
become even more strict in the future.?® Due to this, a method that allows for the
synthesis of metabolic products for use as standards or test compounds for
bioactivity/toxicity assessment is becoming increasingly necessary. In 2018 there was
a recommendation highlighting that the use of metabolites will largely increase the
pharmacological worth of a given study, but very little progress has been made due to
the lack of availability of the pharmacologically relevant metabolites.3° For example for
propranolol which is a widely used beta blocker which is readily metabolised by CYP
enzymes but their synthesis has been largely halted due to low yields, unwanted side

products and the necessity for harsh reaction conditions.3%!

The current methods that focus on metabolite synthesis typically focus on the
determination of which metabolites are formed in vivo and do not allow for the
collection of sufficient quantities of product for the determination of a metabolite’s
pharmacological effects via in vitro analysis. The most common metabolites are
typically formed via Cytochrome P450 (CYP) and UDP-glucuronosyl transferase

(UGT) equating to over 90% of the observed metabolic products; with the third most
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common being sulfotransferase (SULT).*% 322.323 Based on this, CYP1A, UGT1A and
SULT1A were the chosen enzyme systems for that the development of enzyme-
immobilised flow-through reactors that could bypass the frequently observed issues

with currently used methods.

The use of immobilised enzymes has typically focussed solely on metabolite
determination and rate measurements and very little focus has been made on the
formation of these products in sufficient quantities. For example, immobilised laccase
onto nano-porous silica was utilised by Dehghanifard et al®'? to determine the
biodegradation rate of 2,4- DNP and Gahlout et al. 324 325 identified reactive violet 1
dye degradation metabolites via immobilised laccase on nano-porous silica beads
using a silanization-glutaraldehyde linkage, comparable to that which was utilised
throughout this thesis. Demonstrating that whilst the overarching methods utilised
throughout this thesis have been thoroughly researched and utilised the large novelty
of this research is the focus on synthesis bulk amounts of metabolic products which

addresses an important limitation in pharmacology and drug discovery.

This thesis has demonstrated that this research shows advantages over many of the
limitations (as discussed in 1.3) with the currently used methods for synthesising
xenobiotic and drug metabolites. Key things which allow the reactors to do this are: (1)
the flow-through nature of the devices means that there is constant removal of reaction
products, preventing inhibition of the reaction by the products of the reaction; (2) The
effects mentioned in point (1) and the microscale nature drive the reaction in the device
(the effects of changes in temperature and flow rate suggest that the enzyme in the

reactors do not behave the same as in free solution); (3) the immobilisation of
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individual enzymes ensures that the complexity of reaction products is simplified as
much as practical (such as extracting the products from a biologically complex matrix

including enzyme/ enzyme system, substrate and co-factor).

Another limitation of previous methods is due to the particularly low yield that is
frequently observed. It has been noted that throughout this thesis that in both the UGT
and SULT optimised devices almost all of the available co-factor and substrate were
utilised in the formation of their respective metabolic products, leading to g quantities
of metabolites within 2 hours as demonstrated in Figures Figure 4.8 and Figure 5.8.
This thesis has focused on showing the reactors produce — i.e., showing the
production of expected reaction products, and thus has not explored the scalability of
the reactors. Throughout all experiments in this thesis only a singular reactor has been
assessed at a time, running multiple devices at a time would increase the obtained
yield significantly and could lead to the formation of usable quantities (typically mg to
allow sufficient repeats) of metabolic products. There have been multiple examples of
scaling up and scaling out such as Chemtrix’s Plantrix® MR555 device and IMT’s

glass moulding system.

Despite this there are still a variety of different optimisation steps that can be utilised
to further drive the formation of metabolic products. For example, the use of
alamethicin which has demonstrated the ability to enhance enzymatic activity for UGT
microsomes and albumin has been demonstrated to increase some isoforms of both
CYP and UGT microsomes.?!3 Due to this research focussing on optimising a method
for the synthesis of metabolic product and resorufin, the optimum parameters in

conjunction were not tested as an already almost 100% conversion was found at 0.5
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UL mint so no measurable increase was observable altering other potential
improvements such as temperature. The best alternative would be to increase the
initial concentration of resorufin going into the inlet, but this is not available for the
analysis of resorufin as it is not soluble at a much larger concentration. Dependant on
the initial substrate flowing through the device a higher concentration would be
available allowing for potentially more product formation, leading to less scaling up

being necessary to provide sufficient mg amounts.

7.1. Limitations of this work

There are five major limitations to this work: (1) a non-specific immobilization
technique was used for throughout this thesis, and how enzymes were immobilized
was not investigated; (2) The use of a fluorescence assay for substrate and product
guantification during the optimisation steps for each reactor; (3) Use of very simple
classical substrates for these reactions; (4) Only undertaking limited assessment of
microfluidic reactor designs; (5) Not undertaking quantitative measurements of

immobilised enzyme.

Initially, due to its ease of use, a general non-specific immobilisation protocol was

used. This allowed for a higher applicability for more enzyme families

Any metabolite just by varying the co-factor and enzyme entering the system and due
to the almost 100% yields that were observed for UGT, this method was continued for
the use of SULT in which the overall conversion was comparable. In literature is has
been demonstrated that there is significantly more variability in the orientation in which

an enzyme is immobilised using an APTMS-glutaraldehyde linkage and that other
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alternative methods yield more control and reproducibility.?8% 326 For example, affinity
binding can be utilised to gain complete control on enzyme orientation upon
immobilising, whilst this may be beneficial for a variety of different applications, based
on the data observed in this thesis the consistent results in the amount of product
formed in both the UGT and SULT devices demonstrates that there is high
reproducibility using this immobilisation technique. This bypasses the need for altering
the enzyme in any further modification such as biotinylating which has the potential to
alter the active site and allows for a much more general assay method for a variety of
different enzymes.

The second major limitation is due to the method of quantification. The method used
for quantification was the fluorescence of resorufin, which as a substrate is highly
fluorescent and when metabolised loses this fluorescence. This allows for a distinct
measurement for the loss of resorufin. However, this is potentially not directly linked
to the formation of metabolic products. A loss of fluorescence could be due to a shift
in pH or the formation of an interfering compound. Despite this a proof of product
formation was undertaken to demonstrate that, whilst direct quantification was not
taken, product formation was measurable in a comparable size to that of a standard
of the equivalent concentration. The conversion of 7-ethoxyresorufin into resorufin via
CYP activity is frequently documented and used as a go to method for the
determination of a CYP metabolic activity.3?7-32° Concentrations ranges as low as 0.5
to 90 nM have been seen to yield linear calibrations.?° Interestingly, this study
demonstrated that in some cases the formation of resorufin is not visible via
fluorometric analysis as contradictory results were found when the exact same sample
was analysed via mass spectrometry. Initially it was theorised that very little

metabolism was occurring within the device under the parameters tested as the
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fluorescence analysis demonstrated very little product formation over two-hour
periods. Whereas the LCMS analysis showed a yield of approximately 30% of initial
substrate assuming peak area is directly proportional to concentration. This is
comparable to the work presented here where approximately 30% of the substrate is
observed in its respective metabolic form. With regards to UGT this may be due to the
extraction method used and the ZipTips not being fully optimised. In order to determine
if this method is viable for the synthesis of drug metabolites it is necessary to determine
whether comparable formation is found for a variety of different substrates. To
determine if a sulfate conjugated metabolite was formed an alternative substrate was
required as resorufin sulfate is not commercially available, leading to the use of
nitrophenol and its widely available metabolite nitrophenyl sulfate. Upon doing this it
was observed that whilst the devices could metabolise resorufin, they could also
metabolise nitrophenol demonstrating confidence in their ability to yield metabolic
products rather than a device which can only facilitate reactions for a singular

substrate.

Another limitation was due to the initial time-restricting issues that occurred throughout
the CYP1al immobilised device, in which little quantification was observed due to the
fluorescence of the product not being observed when peaks were measured under
LC-TQ-MS analysis. For other fluorescence assays this may not be the most accurate
method of quantification due to the issues noted with the CYP based device. Future
experiments should include quantification using mass spectrometry or other

alternative techniques.
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A further limitation being a lack of device designs tested. There are a wide variety of
devices designs that have yielded vastly superior surface area to volume ratio such as
those with increased amounts of channels packed channels and micropillars within the
channels. This increase in surface area to volume ratio may allow for considerably
more interactions between the co-factor, enzyme and substrate allowing for more
potential conversion. However, these devices structures may also yield excess
backpressure comparable to those which were observed in the serpentine device.

The final noteworthy limitation was the lack of immobilised enzyme quantification, this
would allow for an accurate representation of rate of product formation and would allow
further optimisation of enzyme concentration needed to be flowed through the device

potentially saving costs on enzyme usage.

7.2. Future Work

The work presented in this thesis has demonstrated the viability of the microfluidic
approach for metabolite synthesis. The next steps to advance this work are as follows:
- Assessment of potential reactors to specifically metabolise more complex substrates
(e.g., dietary polyphenols)

- Quantification of enzyme immobilisation which can be conducted by undergoing UV
absorbance analysis at 280 nm prior to analysis and the value compared to a standard
curve of known protein concentration33©

- Scaling reactors to demonstrate synthesis of usable quantities of a specific
metabolite

- Combining reactors to produce more complex metabolites

Other experiments which could be done, and may advance the work are:
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- Look at different reactor designs
- Metabolism enhancers (alamethicin)

- Different immobilisation strategies

Initially observing the enzymes immobilised structure on the surface of the glass
utilising a technique such as Fourier transform infrared (FT-IR) or scanning electron
microscopy (SEM). This would demonstrate how the enzyme appears on the surface
of the device. Undergoing this after the device has been used can demonstrate if the
device can be repeatedly used and determine if or how much of the enzyme has been
lost through a typical use. The next major test would be to optimise the extraction
method using the C18 ZipTips further for the UGT1al metabolised substrates to allow
for a true measurement of the product obtained and to determine the recoverability for
this method. Undergoing this quantification would be undertaken utilising a method
that is truly representative on the formation of product and not due to a loss of
fluorescence as was undertaken in this study. For example, if the LC-TQ-MS method
was optimised further and a calibration curve was utilised alongside the potentially
optimised extraction method will allow for an accurate representative quantification of

product.

Further optimisation steps of the device are available such as the addition of
alamethicin which is known to increase enzymatic activity and has been used in
cascade reactions to sequentially oxidise and conjugate glucuronic acid to 7-
ethoxycoumarin by Fisher et al. This could potentially allow for an increase in product
formation leading to a further improvement over alternative comparable methods.33!
However, as previously mentioned it has also some studies have shown that within

flowthrough conditions this activity increase is not observed.?13. 214
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Upon fully optimising and developing truly representative quantitative analyses of
these devices and products formed combining two of these devices together would be
the next step of these devices. This would allow for the metabolism of more complex
naturally forming products that require the use of multiple different enzymes. This
prevents the need to add multiple enzymes to the same device, further complicating
the immobilisation process and potentially significantly reduced catalytic activity. This
could allow for the formation of multiply conjugated substrates that have been
observed in some cases. This could apply to any of the previously optimised devices
allowing for an almost endless variation of formation of metabolic products which will
allow for their testing to determine their beneficial and toxicological effects on the

human body.

The final step would be to apply this device to both drugs and nutraceuticals to allow
the determination of their pharmacological effects via other in vitro studies to prevent
the need for animal testing. This could be achieved by connecting the reactor outlet to
for example, immobilised human cells, cell spheroids or tissue sections. This will also
allow for the studies of compounds that have had contradictory information observed.
This is frequently noticed when researching polyphenolic compounds where a single
compound has been revealed to have no effect on the human body and both negative
and beneficial effects. This is likely due to the variety of metabolites that can be formed
within the human body in which can have significantly different pharmacological
effects. As mentioned previously there is currently no method that allows for the
formation of these metabolic products in quantities that allow for these studies.

However, when fully optimised and scaled up, this method will allow for these studies
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and in turn allow for the determination of a metabolic products beneficial and

toxicological effects, preventing this contradictory information from arising.
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8. Conclusion

The determination of a metabolic product’s beneficial and toxicological effects is
becoming increasingly important for the effective development of drugs, and in order

to facilitate this testing a method that allows for their synthesis is necessary.

The current methods that focus on metabolite formation typically focus on measuring
their formation in vivo and not on synthesising usable quantities. Testing potential drug
candidates involved determining which metabolites are formed and whether they are
likely to be toxic or beneficial in the concentration they are found. However, in some
cases this can lead to contradictory information. Polyphenols are an example of this
in which contradictory information is found showing that these compounds possess
both beneficial and toxicological of the same effect such as anti-oxidative/oxidative
effects.

In this study a method has been developed that can potentially allow for the formation
of conjugative metabolic products simply, without the need for a complex extraction
from a biological matrix. Using this method, a much simpler c18 extraction was
effective in extracting the sample from the phosphate buffer and allowing for product
measurement. Due to the concentration being determined via loss of fluorescence an
assumption was made in which the loss of fluorescence was directly linked to the
amount of product formed. However, if this assumption was correct for both UGT and
SULT devices the synthesis of ug quantities which is less than the needed amount for
further studies. However, testing higher concentrations was not available due to the

solubility limit of resorufin (the test substrate used). With further optimisations, scaling
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up or running the device for a longer period of time (if the device is stable over this
longer period) sufficient product could potentially be formed using this method.

The CYP based device requires much more optimisation and further understanding
prior to and significant synthetic use due to issues with fluorescence analysis.
Analysing these oxidative metabolites using quantitative mass spectrometry would
allow a more accurately determined amount of product formed and with further
optimisations if necessary to be used for the synthesis of sufficient quantities for further
studies that can be used as an analytical standard.

Overall, these devices provide promise for the production of these metabolic products
in high quantity when compared to other methods with a similar focus, but further
guantitative measurements are required to ensure that the fluorescence-based
measurements demonstrate an accurate representation of product formed is needed.
If these are determined to be comparable, this demonstrates that with scaling up this
method can allow for the synthesis of metabolic products and the next step would be
to test a known drug/nutraceutical to determine if a single isomeric product is formed
or if a mixture of potential metabolites is obtained. If a single isomer of a product is
formed within the device, this will allow for simpler testing of these compounds and
would not require and complex extraction. However, if multiple metabolites are formed,
whilst an extraction would be required between similar metabolites this could

potentially allow for the testing of multiple metabolites singularly from one device.
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Figure 0.1: Signal traces from injection of resorufin standard into the LC-TQ-MS in negative

mode obtained in a Q1 scan.
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Figure 0.2: Signal traces from injection of DI water into the LC-TQ-MS in negative mode

obtained in a Q1 scan.
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Figure 0.3: Signal traces from injection of resorufin standard into the LC-TQ-MS in negative
mode obtained in product ion scan set to 212 m/z.

1.5% 10"

1.0 x 10%°1

Intensity

5.0x 10"

+0
0.0x107% 10 15 20
Retention time (min)

Figure 0.4: Signal traces from injection of DI water standard into the LC-TQ-MS in negative
mode obtained in product ion scan set to 212 m/z.
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Figure 0.5: Signal traces from injection of resorufin standard into the LC-TQ-MS in negative
mode obtained in a product ion scan set to 388 m/z.
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Figure 0.6: Signal traces from injection of DI water into the LC-TQ-MS in negative mode

obtained in a product ion scan set to 388 m/z.
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Figure 0.7: Signal traces from injection of resorufin standard into the LC-TQ-MS in negative
mode obtained in precursor ion scan set to 212 m/z.
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Figure 0.8: Signal traces from injection of DI water into the LC-TQ-MS in negative mode
obtained in precursor ion scan set to 212 m/z.
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Figure 0.9: Signal traces from injection of resorufin standard into the LC-TQ-MS in negative
mode obtained in MRM scan set to 212>155 m/z.
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Figure 0.10: Signal traces from injection of resorufin standard into the LC-TQ-MS in negative
mode obtained in MRM scan set to 388>212 m/z.
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Figure 0.11: Signal traces from injection of DI water into the LC-TQ-MS in negative mode
obtained in MRM scan set to 388>212 m/z.
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Figure 0.12: Mass spectrum for the area under the curve at 9.8 minutes using a Q1 scan for
Figure 0.1.
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Figure 0.13: Mass spectrum for the area under the curve at 9.8 minutes using a product ion
scan set to 388 m/z for Figure 0.5.
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Figure 0.14: Mass spectrum for the area under the curve at 9.8 minutes using a precursor ion
scan set to 212 m/z for Figure 0.7.
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Figure 0.15: Mass spectrum for the area under the curve at 9.8 minutes using an MRM scan
set to 212>155 m/z for Figure 0.9.
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Figure 0.16: Signal traces from injection of resorufin glucuronide standard into the LC-TQ-MS
in negative mode obtained in Q1 scan.
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Figure 0.17: Signal traces from injection of resorufin glucuronide standard into the LC-TQ-MS
in negative mode obtained in product ion scan set to 212 m/z.
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Figure 0.18: Signal traces from injection of resorufin glucuronide standard into the LC-TQ-MS
in negative mode obtained in product ion scan set to 388 m/z.
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Figure 0.19: Signal traces from injection of resorufin glucuronide standard into the LC-TQ-MS
in negative mode obtained in precursor ion scan set to 212 m/z.
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Figure 0.20: Signal traces from injection of resorufin glucuronide standard into the LC-TQ-MS
in negative mode obtained in MRM scan set to 212>155 m/z.
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Figure 0.21: Signal traces from injection of resorufin glucuronide standard into the LC-TQ-
MS in negative mode obtained in MRM scan set to 388>212 m/z.
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Figure 0.22: Mass spectrum for the area under the curve at 8.0 minutes using a product ion
scan set to 388 m/z for Figure 0.16.

222



6x 10*%4 388
miz
4% 10%°1
2>
@
c
8
£
2x 10
0x10%° - Y oy
100 200 300 400 500 600 700 800 900 1000
miz

Figure 0.23: Mass spectrum for the area under the curve at 8.0 minutes using a precursor ion
scan set to 212 m/z for Figure 0.19.
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Figure 0.24: Mass spectrum for the area under the curve at 8.0 minutes using an MRM scan
set to 212>155 m/z for Figure 0.20.
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Figure 0.25: Mass spectrum for the area under the curve at 8.0 minutes using an MRM scan
set to 388>212 m/z for Figure 0.21.
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Figure 0.26: Signal traces from injection of a sample into the LC-TQ-MS in negative mode
obtained in a Q1 scan.

1.0x 10"
>‘7.5><10*5-
=
w0
c 9.8
850x10™ min

c

2.5x% 10751

0.0 x 100+

U0 5 10 15 20

Retention time (min)

Figure 0.27: Signal traces from injection of a sample into the LC-TQ-MS in negative mode
obtained in a product ion scan set to 212 m/z.
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Figure 0.28: Signal traces from injection of a sample into the LC-TQ-MS in negative mode
obtained in a product ion scan set to 388 m/z.
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Figure 0.29: Signal traces from injection of a sample into the LC-TQ-MS in negative mode
obtained in a precursor ion scan set to 212 m/z.
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Figure 0.30: Mass spectrum for the area under the curve at 8.0 minutes using a Q1 scan of
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Figure 0.31: Mass spectrum for the area under the curve at 9.8 minutes using an product ion
scan set to 212m/z of Figure 0.27.
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Figure 0.32: Mass spectrum for the area under the curve at 8.0 minutes using a product ion
scan set to 388 m/z of Figure 0.28.
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Figure 0.33: Mass spectrum for the area under the curve at 9.8 minutes using an MRM scan
set to 212>155 m/z of.
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Figure 0.34: Mass spectrum for the area under the curve at 8.0 minutes using an MRM scan
set to 388>212 m/z for Figure 4.18b.
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Figure 0.35: Signal traces from injection of a nitrophenol standard into the LC-TQ-MS in
negative mode obtained in a Q1 scan.
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Figure 0.36: Signal traces from injection of a nitrophenol standard into the LC-TQ-MS in
negative mode obtained in a product ion scan set to 138 m/z.
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Figure 0.37: Signal traces from injection of a nitrophenyl sulfate standard into the LC-TQ-MS
in negative mode obtained in a Q1 scan.
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Figure 0.38: Signal traces from injection of a nitrophenyl sulfate standard into the LC-TQ-MS
in negative mode obtained in a product ion scan set to 138 m/z.
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Figure 0.39: Signal traces from injection of a nitrophenyl sulfate standard into the LC-TQ-MS
in negative mode obtained in a product ion scan set to 218 m/z.
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Figure 0.40: Signal traces from injection of a nitrophenyl sulfate standard into the LC-TQ-MS
in negative mode obtained in an MRM scan set to 138>108 m/z.
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Figure 0.41: Signal traces from injection of a sample into the LC-TQ-MS in negative mode

obtained in a Q1 scan.
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Figure 0.42: Signal traces from injection of a sample into the LC-TQ-MS in negative mode
obtained in a product ion scan set to 138 m/z.
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Figure 0.43: Signal traces from injection of a sample into the LC-TQ-MS in negative mode
obtained in a product ion scan set to 218 m/z.
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Figure 0.44: Signal traces from injection of a negative control sample into the LC-TQ-MS in
negative mode obtained in a Q1 scan.
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Figure 0.45: Signal traces from injection of a negative control sample into the LC-TQ-MS in
negative mode obtained in a product ion scan set to 138 m/z.
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Figure 0.46: Signal traces from injection of a negative control sample into the LC-TQ-MS in
negative mode obtained in a product ion scan set to 218 m/z.
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Figure 0.47: Mass spectrum for the area under the curve at 8.7 minutes using a Q1 scan for

Figure 0.35.
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Figure 0.48: Mass spectrum for the area under the curve at 8.7 minutes using a product ion

scan set to 138 m/z for Figure 0.36.

232



8x10'E1

108
miz

6x10'81

4% ,EO+6.

Intensity

2% 10+6.

0x10" r r r r r r
100 125 150 175 200 225 250
mlz

Figure 0.49: Mass spectrum for the area under the curve at 8.7 minutes using an MRM scan
set to 138>108 m/z for Figure 5.4aF.
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Figure 0.50: Mass spectrum for the area under the curve at 6.9 minutes using a Q1 scan for
Figure 0.37.
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Figure 0.51: Mass spectrum for the area under the curve at 6.9 minutes using a product ion
scan set to 218 m/z for Figure 0.39.

233



+6
5x10 138
miz

4 10°%1

>;3 < 10+6.

t

Intens

2y 104—6.

1% 10*°

VTR TIIED e m— —— T . . S Y. . y—
0 25 50 75 100 125 150 175 200 225 250

miz

Figure 0.52: Mass spectrum for the area under the curve at 6.9 minutes using an MRM scan
set to 218>138 m/z.
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Figure 0.53: Mass spectrum for the area under the curve at 6.9 minutes using a Q1 scan for
Figure 0.41.
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Figure 0.54: Mass spectrum for the area under the curve at 6.9 minutes using a product ion
scan set to 218 m/z for Figure 0.43.
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Figure 0.55: Mass spectrum for the area under the curve at 6.9 minutes using an MRM scan

set to 138>108 m/z for Figure 5.5a.
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Figure 0.56: Mass spectrum for the area under the curve at 6.9 minutes using an MRM scan
set to 218>138 m/z for Figure 5.5b.
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Figure 0.57: Signal traces from injection of a resorufin standard into the LC-TQ-MS in positive
mode obtained in a product ion scan set to 242 m/z.
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Figure 0.58: Signal traces from injection of a 7-ethoxyresorufin standard into the LC-TQ-MS
in positive mode obtained in a Q1 scan.
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Figure 0.59: Signal traces from injection of a 7-ethoxyresorufin standard into the LC-TQ-MS
in positive mode obtained in a Q1 product ion scan set to 212 m/z.
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Figure 0.60: Signal traces from injection of a 7-ethoxyresorufin standard into the LC-TQ-MS
in positive mode obtained in product ion scan set to 242 m/z.
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Figure 0.61: Signal traces from injection of a 7-ethoxyresorufin standard into the LC-TQ-MS
in positive mode obtained in an MRM scan set to 212>155 m/z.

3x 10"

2x10"°1

Intensity

1% 10"

+0
010 5 10 15 20
Retention time (min)

Figure 0.62: Signal traces from injection of a sample into the LC-TQ-MS in positive mode
obtained in a Q1 scan.
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Figure 0.63: Signal traces from injection of a sample into the LC-TQ-MS in positive mode
obtained in a product ion scan set to 212 m/z.
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Figure 0.64: Signal traces from injection of a sample into the LC-TQ-MS in positive mode
obtained in a product ion scan set to 242 m/z.
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Figure 0.65: Mass spectrum for the area under the curve at 11.2 minutes using a product ion
scan set to 242 m/z of Figure 0.64.
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Figure 0.66: Mass spectrum for the area under the curve at 11.2 minutes using an MRM scan
set to 242>214 m/z of Figure 6.12a.
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Figure 0.67: Mass spectrum for the area under the curve at 11.2 minutes using an MRM scan
set to 212>155 m/z of Figure 6.12h.
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Figure 0.68: Signal traces from injection of a negative control sample into the LC-TQ-MS in
positive mode obtained in a Q1 scan.
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Figure 0.69: Signal traces from injection of a negative control sample into the LC-TQ-MS in
positive mode obtained in a product ion scan set to 212 m/z.
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Figure 0.70: Signal traces from injection of a negative control sample into the LC-TQ-MS in
positive mode obtained in a product ion scan set to 242 m/z.
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Figure 0.71: Mass spectrum for the area under the curve at 9.8 minutes using a product ion
scan set 212 m/z of Figure 0.69.
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Figure 0.72: Mass spectrum for the area under the curve at 11.2 minutes using an product ion
scan set to 242m/z of Figure 0.70.
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Figure 0.73: Mass spectrum for the area under the curve at 11.2 minutes using an MRM scan
set to 242>214 m/z of Figure 6.12a.
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Figure 0.74: Mass spectrum for the area under the curve at 9.8 minutes using an MRM scan
set to 212>155 m/z of Figure 6.12h.
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