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Abstract

Microfluidics has shown great potential in a range of biomedical and drug de-

velopment applications. Investigating metabolic reactions in vitro via microflu-

idic devices presents a potential route to predict the toxicity levels of a tested

compound in vivo. This project focuses on the development of a microfluidic

platform integrated with a screen-printed electrode and immobilised with drug

metabolism enzymes for this purpose. To develop a methodology for mimicry of

metabolic enzyme reactions in microfluidics, a well-understood enzyme transketo-

lase (TK) was used as a model enzyme. A simplified immobilisation for attaching

the histidine-tagged TK was designed and applied to a poly(methyl methacry-

late) (PMMA) surface. The technique showed successful enzyme retention and

stability of the immobilisation layer in the PMMA device. A modular microfluidic

chip for mimicry of phase I cytochrome P450 (P450) and phase II glucuronosyl-

transferase (UGT) enzyme-catalysed reactions was developed. A gold electrode

immobilised with P450 was integrated into the chip for emulating metabolism

of an antimalarial drug, artemether (AM). The P450 electrode allowed electro-

chemical generation of phase I metabolite, dihydroartemisinin (DHA) without the

need for an expensive NADPH system conventionally used in batch. The prod-

uct of the on-chip P450 reaction was coupled to the second microchannel with

microparticles bearing UGT to mimic phase II glucuronidation reaction. The

analysis showed a successful proof-of-concept of coupled AM metabolism on-chip

producing a final metabolite, dihydroartemisinin-glucuronide (DHA-G). The mi-

crofluidic platform gives insight into individual enzymatic transformations of a

model drug compound and presents an alternative to expensive in vitro meth-

ods.
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Impact statement

To facilitate the rapid development of novel and more effective drugs, it is vital to

have powerful tools at hand that enable the rapid evaluation of drug uptake and

metabolism. Nowadays, drug development efficiency is of high importance for not

only producers of drugs, pharmaceutical companies, but also for the end-users -

consumers of pharmaceuticals. This research aims at improving methods used in

drug development through engineering tools, which has the potential to increase

the efficiency of the drug development industry in the future. Knowledge, exper-

tise, analysis, discovery, and insight presented in this thesis could be beneficial

both inside and outside academia.

Firstly, this thesis contributes to scholarly knowledge inside academia and will be

of use for researchers working in the same field. The idea pursued in this work is

novel. Many experimental methods presented and described here will guide schol-

ars interested in combining electrochemical techniques and drug metabolising

enzymatic systems with microfluidics. Additionally, a potential of using organs-

on-a-chip systems for studying drug metabolism, which is outlined here, may be

of great interest for medical doctors interested in engineering tools.

Secondly, the proof-of-concept work presented in this thesis may be of inter-

est to businesses and companies interested in commercialising microfluidic plat-

forms. The number of organ-on-a-chip platforms in research has been growing,

and nowadays, many commercial platforms are available for research and medical

use. Microfluidic platforms for drug testing is becoming a million-dollar industry,

with many start-ups and new businesses constantly being in search of novel ideas.

Methods, design, and ideas presented in this work could be of use for companies
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interested in biomedical tools and microfluidic applications.

Finally, disseminating outputs presented in this work in scholarly journals and

possibly in magazines for a lay audience can attract the attention of the public

to the use of animal models in drug development. Engineering tools presented in

this work may positively influence the reduction of the number of animals used

in the pharmaceutical industry in the future.
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Chapter 1

Introduction and Project Aims

This chapter aims to give background behind the research field and introduce

the objectives of the project. First, section 1.1 presents today’s state of the drug

discovery field by discussing the currently used drug testing methods and their

nature. Next, section 1.2 introduces existing and microfluidics-based emerging

drug testing methods such as organs-on-a-chip that aim to bridge the gap between

the current drug development and higher efficiency and lower costs. Out of the

emerging microfluidic platforms, in section 1.3 the author focuses on microfluidic

platforms for biocatalytic enzymatic and drug metabolic coupled reactions that

demonstrate the possibility of carrying out two or more coupled reactions in one

microfluidic chip. Many of such platforms are based on immobilising enzymes in

microfluidic flow systems. Therefore, section 1.4 gives an overview on the types

of immobilisation techniques used in reported enzyme-immobilised microfluidic

systems. While some of the microfluidic systems developed for drug metabolism

mimicry are equipped with immobilised enzymes, some take advantage of other

methods such as electrochemistry in order to mimic certain coupled reactions. As

a result, the section 1.5 provides background knowledge about bioelectrochem-

istry, electrochemically generated drug metabolism and various electrochemical

microfluidic platforms. Finally, section 1.6 proposes an idea for improving drug

metabolism methods by developing microfluidic platforms equipped both with

electrochemically-generated system and immobilised enzymes. To achieve this,
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1.1. DRUG DISCOVERY AND DEVELOPMENT

the section presents specific project objectives which have a potential of closing

the current gap by contributing to development of emerging microfluidic plat-

forms.

1.1. Drug discovery and development

Currently drug development is a highly inefficient process with low overall success

rate - many drugs fail due to toxicity or lack of efficacy (Venkatesh and Lipper,

2000). Adverse drug events resulting in patients’ emergency visits were estimated

to take place as frequently as 4 in every 1,000 patients in 2013-2014 (Shehab et al.,

2016). In addition to frequent failures of marketed drugs, the number of approved

new drugs has decreased over the past 20 years, suggesting a possible ”drying drug

development pipeline” (Zhang et al., 2018; Adams and Brantner, 2010; Kinch and

Merkel, 2015; DiMasi et al., 2016; Paul et al., 2010).

Drug discovery and development briefly comprise (1) identifying potential molec-

ular and cellular targets participating in the pathophysiology of a disease, (2)

screening a large set/library of molecules for biological activity using in vitro

assays, and (3) testing the successful compounds in preclinical studies using an-

imal models (Balijepalli and Sivaramakrishan, 2017). Currently, a key area of

interest in the pharmaceutical industry has been harnessing new technologies to

progress from initial drug discovery to the final manufacturing process as rapidly

and cost-effectively as possible (Smith et al., 2009).

Over the years, the drug development process has been more control and quality-

enforced, however, at the same time, it continues to have challenges such as (1) a

deficiency of current in vitro tools to precisely identify compounds that may lead

to the production of toxic metabolites in the human body; 2) a low success rate of

preclinical animal model studies; and (3) an increasing cost of drug development.

Overall, the development process of a new drug compound typically follows a

drug development pipeline shown in Figure 1.1 (A Whitman et al., 2016).
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1.1. DRUG DISCOVERY AND DEVELOPMENT

1. The first stage of drug development is comprised of the design and synthesis

of a novel compound (Baumann and Karst, 2010). Following on from a lead

compound, different molecules are constructed and are evaluated based on

their biological activity as well as their physical and chemical properties

(Baumann and Karst, 2010). A large library of structurally similar com-

pounds is narrowed down to a few main compounds that readily bind the

target, are metabolically stable, and do not result in toxicity (A Whitman

et al., 2016).

Figure 1.1: Diagram of the drug development pipeline. Development
process of a new drug compound goes through three main stages: discovery,
pre-clinical and clinical. Reproduced with a permission from A Whitman et al.
(2016).

2. Those entities that show promising characteristics in the first stage enter

the second, pre-clinical stage, of the drug development pipeline. Pre-clinical

studies comprise a more detailed investigation of lead compounds in assays

using hepatic cells, cell fractions, and other human liver fractions (A Whit-

man et al., 2016). Mainly at this stage, optimised formulations are delivered

and then administered to animal models for ADME (adsorption, distribu-

tion, metabolism, and excretion) studies in order to check drug dosing,

metabolite toxicity, and excretion in animals (Munos, 2009; Zhang et al.,

2007).
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1.1. DRUG DISCOVERY AND DEVELOPMENT

3. The final stage of the pipeline is clinical testing of compounds in patients

enrolled in clinical trials. ”Clinical research” refers to studies or trials that

are conducted on people. A potential drug has to pass different phases

(Phase I, Phase II, Phase III, national regulatory authority approval and

Phase IV (”post-approval” studies)) of clinical research trial before the drug

can be released to the market.

On average, it can take around 10 years to introduce a new molecular entity

(NME) or drug to the market and it costs approximately US$2.5 billion (Bali-

jepalli and Sivaramakrishan, 2017). High costs and the length of development of

NMEs are mainly driven by the following factors:

• Traditional 2D cell-culture models used as preclinical testing methods fail

to represent cell function and physiology accurately. Such models can be

effective in providing a broad indication of compound efficacy and toxic-

ity; however, they offer monolayer structures of cells as opposed to the 3D

structures found in an intact organ and therefore result in the lack of im-

portant tissue-tissue interactions (Antoni et al., 2015; Edmondson et al.,

2014; Bhatia and Ingber, 2014).

• There is a high failure rate for new drug compounds in later stages of the

drug development pipeline (A Whitman et al., 2016). For example, 65% of

new drug compounds that enter the drug development pipeline transition

past the drug discovery stage but have 84% chance of failure during pre-

clinical or clinical studies (Hay et al., 2014). Overall, the majority of the

drug candidates fail during the clinical trials, despite successfully passing

laboratory and animal testing (Hartung and Rovida, 2009).

• Although animal testing plays a crucial role in predicting pharmacokinetics

as a preclinical test in drug discovery, inaccurate pharmacokinetic predic-

tions caused by differences between humans and experimental animals lead

to an increased number of some candidate compounds prior to clinical tri-

als resulting in increased inefficiencies and costs. The last few decades have

indicated clearly that animal studies poorly represent the actual human
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1.1. DRUG DISCOVERY AND DEVELOPMENT

situation (Hackam and Redelmeier, 2006; Leist and Hartung, 2013; Olson

et al., 2000; Perel et al., 2007; Hartung and Leist, 2008; Schnerch et al.,

2010; Sena et al., 2010; Seok et al., 2013; Van der Worp et al., 2010; Har-

tung, 2013). It is illustrated by high rates of drug failures in clinical trials.

For example, during the 2005 - 2010 period, industry benchmarks for can-

didate success rates in clinical trials were 48 - 64 % for phase I, 29 - 32 %

for phase II and 60 - 67 % for phase III, respectively (Cook et al., 2014;

Hay et al., 2014). Success rate is here defined as the percentage of projects

completing a certain phase and moving to the next phase of development

(Cook et al., 2014). As can be calculated from the success rate percentages

in clinical trials, at least one-third of drugs fail in phase I, about two thirds

- in phase II and at least 30% fail during the phase III stages of the drug

development process.

1.1.1 Current state of drug discovery

According to Scannell et al., ”the number of new drugs approved per billion

US dollars spent on drug research and development has halved roughly every 9

years since 1950, falling around 80-fold in inflation-adjusted terms”. The authors

described the decline in research and development (R&D) efficiency by the term

Eroom’s law, a letter-for-letter inversion of the well-known law in computing,

Moore’s Law, which states that the number of transistors in an integrated circuit

doubles every two years. In contrast to Moore’s Law, Eroom’s Law states that the

cost of development of a new drug doubles every 9 years. As shown in Figure 1.2,

Eroom’s Law represents the trend of the number of new drugs to emerge from

pharmaceutical research labs against the increasing amount of dollars spent on

discovering them (Scannell et al., 2012).

Overall, the last seven decades indicated a significant increase in pharmaceutical

drug development costs (spending of U.S. Pharmaceutical Research and Manufac-

turers of America (PhRMA) members). Figure 1.2 shows that R&D productivity

has declined more than fifteen-fold. However, inflation-adjusted average spend-

ing has increased from $179 million per successful drug (including the costs of
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failures) in the 1970s to $2.6 billion in the twenty-first century (Scannell et al.,

2012; CSDD, 2014). Historically, new drug approval rates of FDA fluctuated due

to worldwide drug development disasters (Marx et al., 2016). One of the biggest

drug failures in Europe, resulting in extreme handicaps for over 10,000 people,

was the Thalidomide case. A thalidomide drug was used by pregnant mothers as

a means of reducing morning sickness, however, it resulted in their babies being

born with non-developed limbs and even led to the infants’ deaths. Details of

other disaster drug failures indicated on the graph are included in Table A.1.

Figure 1.2: EROOM’s Law in pharmaceutical research and develop-
ment. Overall trend in research and development (R&D) efficiency. The num-
ber of new drugs approved by the US Food and Drug Administration (FDA) per
billion US dollars spent on R&D has halved roughly every 9 years. Reproduced
with a permission from Scannell et al. (2012).

According to Rovida et al., development of new medicines is suffering from two

major obstacles. The first is the conventional methods used in initial stages

of drug development (drug discovery, preclinical stages), lead to high candidate

attrition before and even during clinical trials. The second obstacle is decreas-

ing R&D productivity as constantly increasing regulatory requirements regarding

preclinical testing seeks to avoid harm to human individuals (Marx et al., 2016).

While, decreasing regulatory requirements in order to increase the R&D pro-
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1.1. DRUG DISCOVERY AND DEVELOPMENT

ductivity may not be a good option, improving drug testing and drug discovery

methods have been a focus for many scientists, doctors, and engineers in the last

two decades.

1.1.2 Liver metabolism

Preclinical therapeutic drug discovery and development tests are dependent on

studying liver processes. Most ADME and toxicity in vitro tests are liver-based

as the liver is the most important organ in xenobiotic metabolism and is one

of the major targets for drug- and chemical-induced toxicity (Starokozhko and

Groothuis, 2017). The majority of new chemical entities (NCEs) metabolism

occurs in the liver (Clayton et al., 2009). Additionally, the liver plays an impor-

tant role in carbohydrate, protein, and lipid metabolism and the synthesis and

secretion of blood and bile components and the detoxification of blood (LeCluyse

et al., 2012). To improve preclinical therapeutic drug discovery, drug metabolism

analysis methods need to be improved. Out of the potential drug candidates that

enter the drug development pipeline, the majority are excluded from the further

development particularly during metabolism studies (Baumann and Karst, 2010).

However, as mentioned in subsection 1.1.1 some of the toxic metabolites still pass

through to the next stages of the drug development pipeline causing failures in

the end. Therefore, it is important to improve current methods to eliminate far

more toxic metabolites early on. However, before improving current methods, it

is important to understand drug metabolism itself and the general processes that

take place in the human liver.

1.1.2.1 Anatomy of liver

The liver is the second largest organ in the body (after the skin) and the largest

gland, accounting for approximately 2% to 3% of average body weight. It is

located in the right upper quadrant of the abdominal cavity (Figure 1.3a) beneath

the right hemidiaphragm, protected by the rib cage and surrounded by a smooth

capsule of connective tissue termed Glisson’s capsule or ”capsule of the liver”

(Abdel-Misih and Bloomston, 2010; Junqueira et al., 2005).
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1.1. DRUG DISCOVERY AND DEVELOPMENT

(a) A position of the liver in an
abdominal

(b) Anatomy of the liver with ma-
jor veins

Figure 1.3: Liver anatomy. CBD = common bile duct, CD = cystic duct,
CHD = common hepatic duct, HA = hepatic artery, IVC = inferior vena cava,
LHA = left hepatic artery, LHD = left hepatic duct, LHV = left hepatic vein,
LPV = left portal vein, MHV = middle hepatic vein, PV = portal vein, RHA=
right hepatic artery, RHD = right hepatic duct, RHV = right hepatic vein, RPV=
right portal vein. (Ahluwalia, 2018)

The liver is highly vascularised and receives a blood flow of about 1.5 - 2.0 L per

min in adults, which means all of an adult’s blood passes the liver on average

roughly every 3 min (Grisham, 2009). Approximately 25% of the total liver blood

flow comes from the hepatic artery shown as HA in Figure 1.3b. The rest of 75%

comes from the portal vein shown as PV, which drains the splanchnic viscera

(stomach, intestines, and spleen) (Grisham, 2009). Blood drains from the liver

through the hepatic veins, which open into the inferior vena cava indicated as

IVC in Figure 1.3b (Moore and Dalley, 1992). Supporting structure of the liver

derives from extremely compliant tissue of blood vessels and their investments of

connective tissue continuous with Glisson’s capsule, forming the liver’s ”skeleton”

(Hasan, 2017; Grisham, 2009). Functionally, the liver is divided into two major

lobes, right and left, each with its own blood supply and its own venous and

biliary drainage (Moore and Dalley, 1992).
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1.1. DRUG DISCOVERY AND DEVELOPMENT

1.1.2.2 Drug metabolising enzymes

In metabolism studies, the in vitro model systems utilising the human liver com-

ponents have been developed to best predict the metabolic rates and fates of

NCEs in vivo (A Whitman et al., 2016). These in vitro studies aim to mimic the

action of an important central group of liver proteins known as drug metabolis-

ing enzymes (DMEs) (Nowak et al., 2014). DMEs are divided into two groups

as phase I and phase II metabolising enzymes (Kamataki, 2001), the character-

istics of which are summarised in Table 1.1 and each of which is described next

in more detail.

Table 1.1: Key facts about phase I and phase II drug metabolising
enzymes

Enzyme Phase I Phase II

Function
Make NCEs more soluble as
the majority of NCEs come
in the lipophilic form.

Increase the solubility of
drug metabolites in water
and facilitate their subse-
quent excretion from the
body.

Examples

Cytochrome P450 (CYP
or P450) family; Flavin-
containing monooxygenases
(FMOs)

UDP-dependent glucurono-
syltransferases (UGT),
sulfotransferases (SULTs),
N-acetyltransferases
(NATs), and glutathione
S-transferases (GSTs)

Frequency

Involved in the metabolism
of the vast majority phar-
maceuticals (∼75% of all
marketed drugs) (Zanger
et al., 2008)

UGTs are responsible for
the metabolism of about
10% of marketed drugs
(Williams et al., 2004).

- Phase I cytochrome P450 enzymes

CYP 450 (P450) is a major phase I metabolising enzyme that determines the

fate of drugs in clinical practice (Zanger and Schwab, 2013). Cytochromes, char-

acteristic to almost all live creatures, were recognized as hemeproteins (metallo-

protein containing an organic compound allowing a protein to carry out several

functions that it cannot do alone) around 50 years ago (Lewis, 2001). They are
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1.1. DRUG DISCOVERY AND DEVELOPMENT

found in different organs and tissues of a human body (Guengerich, 2001).

P450 enzymes catalyse a variety of reactions in a body, make chemicals into

potentially reactive products as well as make compounds less toxic (Shumyantseva

et al., 2005). Particularly, they play an important role in the oxidation of nonpolar

low molecular weight chemical compounds, which permeate into the body from

outside (drugs, toxins, nutritional supplements, atmospheric dirt etc.), as well as

those compounds that are formed in a cell (cholesterol, saturated and unsaturated

fatty acids, steroid hormones, prostaglandins and many more) (Fleming et al.,

2006).

The majority of the P450 reactions are oxidations. Oxidation products of P450-

catalysed reactions are either further used as regulators in systems of cell metabolism

or excreted (Fleming et al., 2006). A unique feature of P450s is their ability to

hydroxylate non-activated carbon atoms (Fleming et al., 2006). Since drugs and

xenobiotics are non-soluble in water, this feature of P450s makes it an important

analyte in studying the content of various drugs and their metabolites (Fleming

et al., 2006).

As P450s are major catalysts involved in the oxidation of xenobiotic chemicals,

they are an indisputable part of drug screening and drug discovery in pharmaceu-

tical industry (Shumyantseva et al., 2005). For example, information about which

human P450 enzymes are involved in the metabolism of new drug candidates is

required for new drug approval submissions in most countries (Shumyantseva

et al., 2005). Therefore, the study of P450s and a deeper understanding of their

catalytic mechanism is essential.

- CYP450 catalytic mechanism

CYPs follow a certain mechanism for catalysis, i.e. converting a substrate molecule

into its phase I metabolite. Once the substrate molecule (a drug compound) binds

to the enzyme, accompanied by simultaneous displacement of a water molecule,

a catalytic cycle of CYP consisting of several steps starts (De Montellano, 2005).

By the end of the catalytic cycle, the substrate molecule is converted to a hydrox-

ylated molecule and the enzyme molecule is regenerated for the next cycle.
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1.1. DRUG DISCOVERY AND DEVELOPMENT

As a heme-containing protein (with an iron atom in the centre), CYP 450 catal-

yses the addition of molecular oxygen into a given substrate (indicated as RH)

leading into a hydroxylated product (indicated as ROH) and the release of a

water molecule according to Equation 1.1.

RH +NADPH +O2 → ROH +NADP +H2O (1.1)

Figure 1.4: Detailed diagram of CYP450 catalytic cycle

The catalytic cycle of CYP 450 is shown and described in Figure 1.4. In total

two electrons are required in CYP catalytic cycle (De Montellano, 2005). The

first electron is used to reduce the iron in the heme group, initiating the binding

of the cosubstrate, O2, and the second electron reduces the oxygenated heme
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inevitably leading to the hydroxylated substrate (De Montellano, 2005). In short,

the catalytic cycle involves (1) binding of a substrate (RH) into Fe (III) and the

release of water, followed by one electron reduction into Fe(II). (2) Subsequently,

molecular oxygen is added at the distal site forming a ferric superoxide complex.

(3) NADPH-dependent reductase donates an electron. (4) Then the complex is

protonated into the corresponding Fe(III)-OOH. (5) A protonation and an e−

reduction lead to the formation of heme-iron(IV)-oxo radical cation and a water

release. Finally, the product is dissociated from CYP 450 and an exchangeable

water molecule is incorporated.

Electrons received from an electron transport chain starting with NAD(P)H, are

needed for forming a high-energy oxidising species, which allow the enzyme to

efficiently hydroxylate a non-active C-H bond with the relatively inert oxygen

molecule (Shumyantseva et al., 2005).

- Phase II drug metabolising enzymes

Phase II biotransformation reactions, which are also called ”conjugation reac-

tions” generally play the role of a detoxification step in drug metabolism. These

enzymes are mainly transferases. Major types of phase II enzymes are UDP-

glucuronosyltransferases, sulfotransferases, N-acetyltransferases, glutathione

S-transferases and methyltransferases (mainly thiopurine S-methyl transferase

and catechol O-methyl transferase) (Jancova et al., 2010). A major role of these

enzymes is in the biotransformation of endogenous compounds and xenobiotics

to more easily excretable forms as well as the metabolic inactivation of pharma-

cologically active substances (Jancova et al., 2010).

In general, these enzymes have attracted much less attention than cytochrome

P450 because the number of drug interactions involving these enzymes is rel-

atively less than the ones involving P450s (Jancova et al., 2010). However, a

reduced capacity of phase II drug metabolising enzymes can influence the toxi-

city of clinically used drugs when taken by a human, since the lack of enzymes

would leave the drugs in the body not metabolised which can harm the body.

Therefore, these enzymes are important to be investigated as well. A lack of
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1.2. DRUG METABOLISM METHODS

phase II enzymes may sometimes lead to several forms of cancer (Jancova et al.,

2010).

1.2. Drug metabolism methods

In human metabolism, some compounds get metabolised into inactive metabolites

and some get activated. As some compounds are fast and extensively metabolised

into inactive metabolites, they lose their desired biological activity before reaching

any intended site of action. Other potential drug candidates are highly reactive

towards endogenous molecules such as proteins or nucleotides, which may result

in cell apoptosis (Baumann and Karst, 2010). The compounds that produce toxic

metabolites are a major cause of failure of drugs in later stages of drug devel-

opment, leading to inefficiencies described earlier. As toxic metabolites result

in fatalities occurring in animal and clinical studies, eliminating the compounds

producing major toxic metabolites in drug discovery and drug screening phases

has a potential to reduce drug development timeline and the costs associated with

it. Nowadays there are numerous conventional drug metabolism methods focused

on screening of compounds with toxic metabolites.

1.2.1 Conventional methods: in vitro, in vivo and in sil-

ico

In vitro. Conventional metabolism studies in early stages of drug development

consist of in vitro tests based on hepatic cells and cell extracts, and in vivo tests

based on animal models (Baumann and Karst, 2010).

In early stages of drug discovery, a drug candidate is commonly studied in vitro

using liver cells or subcellular fractions from animals and humans due to their

ready availability and the relative straightforwardness of the methods. Other

liver fractions such as microsomes, cytosol (or cytoplasmic matrix, the liquid

found inside cells) and S9 (product of a liver tissue homogenate) are widely used

and can be prepared by differential ultracentrifugation of liver cell homogenate.).

Providing a different range of enzymes and enzyme concentrations, these entities

13



1.2. DRUG METABOLISM METHODS

can be used for various applications (Pelkonen et al., 2005; Kremers, n.d.; Brandon

et al., 2003).

Liver cell microsomes contain vesicles derived from hepatocytes’ endoplas-

matic reticulum and with that contain the majority of drug metabolising en-

zymes, particularly CYPs. Subcellular fractions such as cytosol and S9 are liver

tissue fractions obtained from successive centrifugation of a liver homogenate.

The liver cytosolic fraction comprises soluble phase II enzymes. S9 fractions

consist of both reticulum-associated enzymes and cytosolic enzymes; and there-

fore, provide lower conversion rates for CYPs than microsomes, but can offer a

more comprehensive overview of the metabolism reactions ongoing in the hepatic

cell (Baumann and Karst, 2010; van Midwoud, Merema, Verweij, Groothuis and

Verpoorte, 2011).

In vivo. As mentioned earlier, ADME studies in animals are important and usu-

ally conducted in the pre-clinical stage of the drug development process. After

ADME studies on animals, ADME studies in humans are carried out and re-

quire more resources and strict regulatory requirements (Munos, 2009). They are

typically carried out during the late clinical studies (Munos, 2009). Pharmacoki-

netic behaviours of major metabolites resulted from ADME studies in animals

are extrapolated to humans and predictions on similar metabolite formations are

made (Grossman, 2007). However, there are some unique metabolites that appear

solely in humans. As a result, serious issues can occur along the drug development

process years after the first major investments have been made (Baumann and

Karst, 2010). For this reason, the FDA recommends performing human ADME

studies as early as possible (Food and Administration, 2008).

In silico. An emerging branch of drug metabolism research is where the prediction

of metabolites is performed by in silico methods using computer-based approaches

(Afzelius et al., 2007; Czodrowski et al., 2009; Hutter, 2009). One of the in silico

categories is based on the experience and knowledge arising from the numerous

metabolism studies of functional groups in comparable drugs (Testa et al., 2005;

Erhardt, 2003). Other methods predict the site of metabolism based on knowledge

of the CYP-active site (Lewis et al., 2006; Lewis, 2005). According to Baumann
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et al., in silico metabolism methods may allow the estimation of metabolites and

the metabolic rate prior to the synthesis of new molecules (Baumann and Karst,

2010).

Limitations of conventional methods

CYP enzymes have different isoforms, each of which shows various distributions

in an organism. It is particularly important to determine the specific enzyme

isoform that contributes to the metabolic pathway. Such phenotyping studies are

widely conducted using cDNA-expressed individual CYPs (Rodrigues, 1999b).

For this purpose, the use of intact hepatocytes is more complex than using liver

cell homogenate, as the isolation is complicated and cell damage may occur (Bau-

mann and Karst, 2010). However, intact hepatocytes contain the entire lot of drug

metabolising enzymes and are often used for study enzymatic induction processes

(Guillouzo et al., 1995; Gomez-Lechon et al., 2003). However, intact hepatocytes

may not mimic the full picture of metabolism reaction. Two-dimensional meth-

ods such as liver cell culture systems, liver slices or perfused livers enable the

examination of long-term toxic responses as well as the study of complex reac-

tions mediated by the interplay among several different types of cells (Kamataki,

2001; Kremers, n.d.; Dash et al., 2009).

Despite the conventional methods being used currently in drug development and

drug testing, they lack sufficient functionality and productivity for human ADME

and toxicity. A solid example of this is that drug failures in clinical trials are

primarily due to the poor predictive power of existing preclinical models (Esch

et al., 2015). There is a consensus that in liver fractions, biotransformations,

and transport functions, toxic responses should be reflected as close to in vivo as

possible and be stable preferably for several days up to weeks. Microengineered

cell culture models are being explored as an alternative solution, which could

potentially reduce the costs of the drug screens while increasing their ability to

accurately mimic human drug metabolism.
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1.2.2 Emerging methods: Organ-on-a-chip platforms

Organ-on-a-chip technology has been proposed as a new generation of in vitro

models for drug candidate screening in the preclinical phase of drug development

(Starokozhko and Groothuis, 2017). Its growth is particularly driven by its po-

tential to reduce the number of animal models in the future. Organ-on-a-chip

technology is attracting attention as a way to particularly understand human

physiological responses to various drugs in humans by establishing engineered

organ-like structures and monitoring cellular responses within such organ-like

structures. The chips can provide cells with a microenvironment, which resem-

bles the in vivo situation more closely (Meyvantsson and Beebe, 2008; Dittrich

and Manz, 2006; Sung and Shuler, 2010). Particular interest in their develop-

ment is also driven by their potential for high-throughput screening of candidate

drugs against toxicity, which can be achieved due to microfabrication and tissue

engineering techniques (Moraes et al., 2012; Ghaemmaghami et al., 2012).

It is known that cells cultured in large-scale systems (i.e. bioreactors) are subject

to mechanical stresses due to the fluid dynamics developing within the system

(Rodriguez et al., 2016). High shear stress is detrimental to cells. In contrast,

in microfluidic platforms, the applied medium flow can be controlled very care-

fully, which can also mimic blood flow in vessels (van Midwoud, Verpoorte and

Groothuis, 2011). Additionally, the composition of the medium can easily be

altered during the course of an experiment, and a more physiological medium-

to-cell ratios can be achieved as a result of small system volumes (van Midwoud,

Verpoorte and Groothuis, 2011). Metabolites can reach higher concentrations due

to small volumes of microchannels making online detection easier, in contrast to

metabolites produced in well plate experiments, where metabolites can be sub-

stantially diluted due to bigger well volumes. A metabolite-containing medium

can also be directed to other cells integrated elsewhere on the same chip. Even

the complex architecture of an organ can be achieved by combining microfluidics

with tissue engineering (Baudoin et al., 2007; Dash et al., 2009).

Organ-on-a-chip platforms in which cells are seeded are often made from optically

transparent polymers and contain microchannels with sizes in the range of 50
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to 500 µm. Potential advantages and challenges of organ-on-a-chip technology

have been discussed in several recent reviews and are summarised in Table 1.2

(Ronaldson-Bouchard and Vunjak-Novakovic, 2018; Osaki et al., 2018; Ishida,

2018; Probst et al., 2018; AVCI et al., 2018; Kimura et al., 2017).

Table 1.2: Advantages and disadvantages of organs-on-chips

Advantages Disadvantages

More accurate simulation of delivery
and penetration of drug compounds
than for 2D cell monolayers, due to
presence of a physiological barrier func-
tion in biomimetic 3D tissue structures

Complex than larger multi-
physiological systems or simpler
single-channel microfluidic
devices to carry out higher-
throughput studies, produce
results more quickly and increase
reproducibility

Recapitulation of the complex interac-
tions between different types of cells
in vivo (mediated by nutrients, growth
factors, hormones), all of which can be
controlled within the chip

Reliance of existing organs-on-a-
chip on materials widely used in
rapid-prototyping (PDMS, poly-
carbonate, and polyester)

Ability to reconstitute complex organ-
level physiological functions and phar-
macological responses arising from
structural and functional integration of
multiple tissue types

Low culture volumes and cell
numbers in organs-on-chips often
give rise to technical issues due to
detection sensitivity

Fluid motions and cell culture sub-
strates in the chips can be controlled to
reproduce various mechanical cues in-
duced by physiological flow (blood flow,
interstitial flow, tissue deformation)

Difficulty in mapping organ-on-
chip readouts to their clinical
counterparts due to major differ-
ences in measurement techniques

Optically transparent allowing direct
real-time visualisation and quantitative
high-resolution analysis of diverse bio-
logical processes (high-resolution real-
time fluorescence imaging, multi-omics,
mass spectroscopy)

Limited in comparison to sim-
pler devices containing only one
cell type grown in 3D ECM
gels for studying morphogenetic
processes (blood vessel forma-
tion, migration of immune cells
and cancer cells through intersti-
tium).

Integration of multi-electrode arrays
analysing cell electrical potentials, and
electrodes for measuring transepithelial
electrical resistance (not possible with
organoid cultures or 3D systems)
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1.2.2.1 Liver on a chip platforms

One of the major reasons for differences of in vitro and in vivo response in drug

discovery is that the drug administered often goes through a metabolic path-

way in the liver before it goes into the systemic circulation (Block et al., 2009).

Animal models are used as the best predictor of the in vivo situation, however,

phylogenetic distance between laboratory animals and humans do not help to

improve attrition rates in clinical trials. A poor correlation between animal data

and human outcomes has been observed due to the substantial differences in key

disease pathways and disease-induced changes in gene expression profiles of in-

terspecies. This discrepancy has been clearly shown through numerous animal

studies in the last few decades of research and development (Leist and Hartung,

2013; Van der Worp et al., 2010; Seok et al., 2013). As there has been a critical

need for new approaches to model complex human-relevant conditions, organ-on-

a-chip devices, particularly liver-on-chip platforms have attracted much attention

as an alternative to animal models, which can be integrated into laboratories as

a form of preclinical testing that better predicts human experimentation in vitro

(Ingber, 2018).

Out of the microfluidic platforms used for mimicking functionalities of different

organs, in particular microfluidic devices with liver cells (liver-on-a-chip devices)

have drawn a wide attention as an in vitro alternative for in vivo testing. Since

the liver is the main organ related to drug metabolism, it is extremely important

to accurately predict its metabolic ability and toxicity during the drug discovery

process, which is also challenging due to the complexity of the liver (Kimura

et al., 2017).

Liver-on-a-chip models aim to mimic closely the anatomy, physiology, and func-

tionality of the liver. They can contain either single cultures of hepatocytes,

two-dimensional or 3D co-cultures of hepatocytes with several other hepatic non-

parenchymal or other stomal cells, hepatocyte spheroids, or organoids formed by

mono- or co-cultures and intact liver slices (Starokozhko and Groothuis, 2017;

Brandon et al., 2003).
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There are several advantages of conducting drug metabolism studies on liver cells

in microfluidic platforms in flow such as in liver-on-a-chip platforms.

• Perfusion in liver-on-a-chip platforms does not only mimic the dynamic

flow environment in the liver in vivo, but also stimulates liver cell functions,

which include synthesising proteins, transformations of carbohydrates, detox-

ification, and the production of hormones in a human body. A perfused

system allows better control over the exposure to the toxin and removal of

waste products, which enhances the chances of accurately predicting poten-

tial toxicity of a drug or drug compound in such platforms

• The flow allows testing time-dependent variations in the concentration of

the toxic compound, which mimics a repeated oral dose exposure that is

considered as one of the most challenging issues in safety assessment using in

vitro predictive toxicology (Starokozhko and Groothuis, 2017). In contrast,

in static cultures or in the ones with the recirculating flow, the concentration

of the drug under study is only known at the start of the experiment and the

change in the concentration during culture is not controlled (Starokozhko

and Groothuis, 2017).

• Liver-on-a-chip platforms can be coupled to analytical equipment such as

LC/MS or IM/MS, which allows performing on line metabolism and pro-

teomics biomarker analysis to track real-time changes in metabolic and

signaling activities of the cells, which is of importance when unstable toxic

metabolites are formed (van Midwoud et al., 2010a).

The number of liver-on-a-chip devices with varying complexities is growing ev-

ery year. In recent decades, several comprehensive reviews outlined microfluidic

devices developed for liver drug metabolism and toxicity studies (van Midwoud,

Verpoorte and Groothuis, 2011; A Whitman et al., 2016); several specifically

focused on liver-on-a-chip devices (Lee et al., 2015; Bhise et al., 2016; Beckwitt

et al., 2017) outlined the liver-on-chip devices in research and those available com-

mercially, which are also summarized in Table 1.3. Various microfluidic systems

have been developed to emulate human metabolism using diverse micropattern-
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ing techniques on the basis of embedded human tissue samples (van Midwoud

et al., 2010b), hepatocytes (Mahler et al., 2009; Sung et al., 2010; Toh et al.,

2009; Viravaidya et al., 2004) or rat or human liver microsomes (Ma et al., 2009;

Mao et al., 2012; Kim et al., 2015; Tanvir et al., 2009; Sakai-Kato et al., 2004;

van Liempd et al., 2005).

Table 1.3: Overview of liver microfluidic perfused systems. Commer-
cially available platforms reproduced with a permission from (Starokozhko and
Groothuis, 2017)

Platform Cell types Comments, references

Dual-layered
chip

Hepatocytes
Used the porous PET film to separate
the channels allowed two weeks of cul-
ture (Hegde et al., 2014)

Micropatterned
microarray
platform

Hepatocytes and
other organ cells

Cultured hepatocytes to characterise
the protective effects of growth factors
during in vitro alcohol injury (Jones
et al., 2010)

Multiwell plate
device

Hepatocytes

Supported the growth and functional
integrity of hepatocytes in 3D culture
for up to a week (Domansky et al.,
2010)

3D bioprinted
one-step fabrica-
tion chip

HepG2 and HU-
VEC cells

Simulated the morphology of the liver’s
functions to maintain hepatocyte func-
tionality for up to 6 days (Lee and Cho,
2016)

Liver on a chip
Liver cells, in-
testinal slices

Integrated liver and intestinal slices
into a microfluidic device with sequen-
tial perfusion to study interorgan inter-
actions (van Midwoud et al., 2012)

Commercially available platforms

Zyoxel: 3D per-
fused cell culture
platform

Hepatocytes, SEC

Tolbutamide, meloxicam, diclofenac,
disopyramide, metoprolol, verapamil,
theophylline, midazolam, methylpred-
nisolone

Microliver chip
from HµRel cor-
poration

Hepatocytes,
non-
parenchymal
cells

Buspirone, imipramine, sildenafil,
timolol, nifedipine, diclofenac, in-
domethacin, carabamazepine, an-
tipyrine

Microfluidic
perfusion array
from CellAsic

Hepatocytes Diclofenac

Microfluidic
3D hepatocyte
chip (Exploit
Technologies)

Hepatocytes
Acetaminophen, diclofenac, quinidine,
rifampin, ketoconazole
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Among the reported platforms, several liver-on-a-chip models based on the mi-

cropatterning technique have been developed. In an early study, Khetani and

Bhatia (2008) reported an extracellular matrix (ECM) microarray platform for

the culture of patterned human hepatocytes atop combinatorial matrix mixtures

(Figure 1.5A). In another study, the authors developed a microfluidic chip with

cultured rat hepatocytes on biomaterials in order to characterise the protective

effects of growth factors during alcohol injury in vitro (Jones et al., 2010). (Fig-

ure 1.5B). In the last years, the 3D printing technique has been growing and been

successfully applied for liver models. For example, Bhise et al. (2016) reported

a bioprinted liver model, which is directly printed into the microfluidic device,

which is then assembled around the bioprinted tissue and serves as a bioreactor

to maintain long-term viability. Unlike other platforms, the model was designed

to be open to allow direct access to the microtissues during the experiment. After

fabrication, the device is perfused with cell media at a rate chosen to provide suffi-

cient oxygen and nutrients to the microtissues (Figures 1.5E-G). In another study,

Lee and Cho (2016) reported a one-step fabrication of liver-on-a-chip via 3D bio-

printing. The authors 3D bioprinted a fluidic channel for various organ-on-a-chip

platforms, protein absorption testing, and liver-on-a-chip model (Figure 1.5H-J).

The liver-on-a-chip model tested in the chip showed a significant enhancement of

liver functions, and the authors suggested 3D bioprinting to be an easy and more

versatile method for organ-on-a-chip models. With advances in microfabrication,

complexities of liver-on-a-chip devices are evolving, which opens many doors in

using liver-on-a-chip models as alternative to pre-clinical testing.

Challenges of liver-on-a-chip models in drug metabolism studies

There are several shortcomings of the current liver-on-a-chip systems.

• The use of PDMS scaffolds, which have been used for the majority of re-

ported models. PDMS is hydrophobic and readily absorbs lipophilic com-

pounds and metabolites (Low and Tagle, 2016), which may lead to inac-

curate results. Additionally, the material has been shown to absorb small
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Figure 1.5: Micropatterned and 3D bioprinted liver-on-a-chip models. A)
An ECM microarray platform for the patterned culture of various cells. (Permission
from (Khetani and Bhatia, 2008) B) Hepatocytes cultured on printed arrays of HGF
and BMP-7 mixed with collagen type I to characterise the protective effects of growth
factors during in vitro alcohol injury. (Permission from (Jones et al., 2010) C) DEP-
based patterning of a heterogeneous, lobule-mimetic, radial pattern model of hepato-
cytes and endothelial cells. (Permission from (Ho et al., 2013)) D) The piezoelectric
printing method for the generation of collagen and poly-L-lysine (PLL) micropatterns
on a PEG functionalised surface for cell-based assays. The scale bars are 150 µm.
(Permission from (Zarowna-Dabrowska et al., 2012). (E-J) 3D bioprinted liver models.
(E) Microfluidic device with bioprinted hepatic spheroids encapsulated in a hydrogel
scaffold conducive to hepatotoxicity testing. Schematic of bioprinting of microtissue
constructs directly into the device, followed by assembly of the bioreactor chip and
perfusion of cell media. (F) Direct-write bioprinting of hydrogel constructs as a dot
array with encapsulated hepatic spheroids. (G) Top view of the bioreactor device as-
sembled using screws; the inlet and outlet for flow of cell media and the cell culture
chamber. (Permission from (Knowlton and Tasoglu, 2016)) (H) One-step 3D bioprinted
liver model.(H) side and (I) vertical section views, and (J) perfusion system. ((Lee and
Cho, 2016), published by RSC)
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hydrophobic molecules and can cause the reduced effective drug concen-

trations and pharmacological activities (Berthier et al., 2012). Moreover,

challenges associated with standardising and automating the highly vari-

able current PDMS fabrication techniques originally developed for labo-

ratory prototyping complicate the possibility of large-scale manufacturing

and higher-throughput operation of organ chips. As a result, researchers

have begun to address the problems posed by PDMS by using alternative

material or by using chemical surface modification (Wong and Ho, 2009).

In some of the recently reported liver-on-a-chip models, therefore, other

transparent materials such as parylene or polycarbonate have been used,

which help to eliminate the unspecific binding of molecules to silicone ma-

terials (Esch et al., 2015). Although there has been significant progress

made towards making non-PDMS liver-on-a-chip models, which are less

complicated, the chips have not been fully characterised as a stand-alone

liver-on-chip platforms capable of all liver functions (Esch et al., 2015).

• Complexity and cost. Existing liver-on-a-chip platforms can be complex

and costly, which currently prevents their use in high-throughput screening

and for quick prescreening analysis such as testing liver enzymatic functions

(Materne et al., 2013). While commercially available platforms outlined in

Table 1.3 have been tested for drug screening of certain drugs, they have

not yet been fully validated with respect to toxicity prediction (Usta et al.,

2015; Bale et al., 2014), since they would need to be tested against a much

bigger number of drugs and substrates.

• Cell types. Reported platforms most widely used primary hepatocytes.

While the liver tissue slices have good reproducibility, they quickly lose

activity after separation and are difficult to handle. In contrast, recombi-

nant enzymes, liver cell lines, and microsomes are easier to handle and may

give more consistent results, but might not reflect the true metabolic pro-

files of the human liver in full, as there are many parallel-running reactions

that occur in a liver. Despite the limitations, multi-channel platforms allow

integration of cells with tissue interfaces, which offers a higher level of phys-
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iological mimicry than most other multi-physiological systems. Therefore,

with good fabrication technique, the limitation of using hepatocytes can be

overcome.

• Liver-on-a-chip platforms exhibit significant variation and inconsistency be-

tween different manufacturing batches, different laboratories and even dif-

ferent fabricators in the same group. However, as organ chips are now being

commercialized, production of more robust and consistent devices can lead

to increased accessibility to laboratories and industry.

Despite the limitations, liver-on-a-chip as a subset of organ-on-a-chip technology

should not be viewed as replacements for other culture models according to In-

gber et al., but instead, they should be viewed as alternatives to animal models

and integrated into laboratories as a form of preclinical testing that more closely

approximates human experimentation in vitro. However, for investigation of dis-

tinctive metabolic reactions, which is essential for screening out toxic metabolites

earlier on in drug development pipeline, other less complex methods can be used.

Analysis of individual transformations can complement organ-on-a-chip technol-

ogy in reduction of drug development costs.

1.3. Enzymatic microfluidic cascades

Drug development processes can benefit from an effective screening of toxic

metabolites early on during the drug development process. It is important to

have powerful tools and methods in in vitro testing of potential drug compounds.

As established earlier, phase I and phase II enzymes are the entities metabolising

the drugs inside their liver. In order to emulate and predict the metabolism of

the drug in vivo using in vitro tools, individual and coupled transformations have

been conducted in microfluidic systems. Applying microfluidic tools for analysis

of cascading metabolic transformations to mimic in vivo liver drug metabolism

was inspired by their successful applications in generating cascading reactions in

biocatalysis, chemistry and biotechnology (Miyazaki and Maeda, 2006; Gruber,

Marques, O’Sullivan, Baganz, Wohlgemuth and Szita, 2017).
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As microfluidics technology has matured and been applied to many enzymatic

reactions in biotechnology, chemistry, and enzymatic engineering, it is timely to

use benefits of microfluidics technology for investigating enzymatic cascades for

investigations of liver drug metabolism and metabolic pathways. In order to de-

velop powerful tools for the study of drug metabolism, we can learn from the

advances that were made with microfluidic enzymatic reactors for different ap-

plications in biotechnology, such as or biotransformation/biocatalysis. Following

sub-sections present general design considerations in microfluidic systems, follow-

ing with enzymatic microfluidic cascades for biocatalytic and red biotechnology

applications.

1.3.1 Microfluidic chips and their design considerations

Microfluidics has attracted much attention in the development of inexpensive

analytical tools with minute volumes and high throughput (Nguyen and Were-

ley, 2002; Haeberle and Zengerle, 2007). The number of microfluidic devices is

growing in biocatalytic applications due to microfluidics offering small volumes of

reactive fluids and allowing high efficiency and reproducibility of results (Wohlge-

muth et al., 2015; Gruber, Marques, O’Sullivan, Baganz, Wohlgemuth and Szita,

2017).

Some of the advantages of using microfluidics technology for organ-on-a-chip tech-

nology, mentioned in the previous section, also apply to microfluidic chips for

biocatalytic applications. To name a few:

• Microfluidic biocatalytic platforms can facilitate the characterisation of re-

action kinetics and allow faster screening of new biocatalysts and potential

substrates (He et al., 2008).

• They allow working with fluid volumes ranging from nanolitre to microlitre,

which can be useful particularly when working with precious samples and

test compounds.

• As in organs-on-a-chip platforms, microfluidic systems for biocatalytic ap-

plications also offer a reduction in waste and increased speed and precision
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of temperature control due to low thermal mass (Matosevic et al., 2011).

To note, advantages of microfluidic systems have benefited not only the devel-

opment of enzymatic microfluidic devices but also a vast amount of applications

in a variety of fields such as analytical chemistry, drug discovery, diagnostics,

biosensing, healthcare and pharmaceutics (Nguyen and Wereley, 2002; Haeberle

and Zengerle, 2007; Zhang and Haswell, 2007). To illustrate, the market of mi-

crofluidics was estimated, according to Mindbranch, at 1.98 billion in 2008 with

an annual growth of 15.5% (Mindbranch, 2009]. While in 2015, the microfluidics

market was valued at 3.1 billion USD with expected compound annual growth of

19.3% estimating to reach $5.95-7.5 billion by 2020 (Amin et al., 2017).

There are many considerations in designing microfluidic chips. Flow in microflu-

idic platforms is laminar. Laminar flow takes place in a system where the viscous

forces in the system dominate the inertial forces. A flow mode in the microchan-

nel can be checked by calculating a dimensionless number called the Reynolds

number,

Re =
ρ · dh · um

µ
(1.2)

where µ is the dynamic viscosity (kg·m−1·s−1), um was the mean velocity (m·s−1),

ρ is the density (kg·m−3) and dh is the hydraulic diameter (m) (Van Daele et al.,

2016; Bolivar et al., 2016a).

The Reynolds number is defined as the ratio between inertial and viscous forces.

The Reynolds number and other reaction engineering analysis help to investigate

microfluidic device performance.

Since in microfluidics, laminar flow predominates, mixing between solutions oc-

curs only due to the diffusion between the border of the flowing streams. There-

fore, diffusion of molecules in microfluidic channels play an important role too.

The extent of diffusion of molecules in microfluidic channels can be determined us-

26



1.3. ENZYMATIC MICROFLUIDIC CASCADES

ing the Einstein-Smoluchowski equation shown in Equation 1.3 (Hamley, 2000).

t =
x2

2D
(1.3)

where x is a width of a microchannel (m), D is a diffusion coefficient of the

solution mixture (m2 · s−1).

Diffusion of molecules allows to design chips in such a way as to enhance or reduce

mixing in the channels. Additionally, these parameters play a key role particularly

in systems used for biocatalytic applications, such as those immobilised with

enzymes, which, in their turn, form enzymatic microfluidic cascades.

1.3.2 Enzymatic microfluidic cascades for biocatalytic ap-

plications

With the growth of microfluidic market and a number of microfluidic platforms

developed for enzymatic reactions, performing multiple enzymatic reactions in se-

ries on a single microfluidic platform has also attracted a wide attention (Garcia-

Junceda, 2008). In multi-enzyme cascading reactions, a series of specific bio-

transformations may be achieved by the sequential action of multiple enzymes

in a defined order to produce one net transformation (Mayer et al., 2001). The

main opportunity in coupling microfluidic platforms and running multi-enzyme

reactions in microfluidic systems is the ability to perform in vitro metabolic ma-

nipulation for high-throughput biotransformations (Lee et al., 2003). There have

been a handful of examples of biocatalytic multi-step coupled enzyme reactions

carried out in microfluidic platforms and earlier reported reviews on enzymatic

cascading systems outline these studies (Gruber, Marques, O’Sullivan, Baganz,

Wohlgemuth and Szita, 2017).
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1.3.3 Enzymatic microfluidic cascades for drug metabolism

studies

Microfabricated devices have widely been used in drug screening, drug testing,

and drug metabolism mimicry as modular platforms (van den Brink et al., 2015).

Novel technologies at the interface of drug metabolism and microfluidics are

emerging as alternatives that may be able to aid this field and accelerate the drug

discovery process. As discussed earlier, the majority of liver-on-a-chip platforms

are based on recombinant cytochrome P450 enzymes (CYPs) as P450 bioreactors

for P450-substrate testing, human liver microsomes (HLMs), primary hepatocytes

(A Whitman et al., 2016).

In order to perform analysis of hepatic phase I and phase II metabolism, which is

a gold standard for pharmaceutical research and drug development (Ruiz-Garcia

et al., 2008; Benedetti et al., 2009), many individual phase I transformations

have been conducted in vitro using isolated enzymes immobilised in microfluidic

systems (Nicoli et al., 2008). To note, many phase I and phase II reactions that

take place within the liver have been widely investigated using electrochemical

microfluidic platforms (Jurva et al., 2000, 2003), which will be discussed in the

next section in more details.

However, for investigation of coupled enzymatic transformations in the liver, mi-

crofluidic multi-enzyme cascades should be utilised. Multi-enzyme cascades can

rapidly evaluate the effects of reaction conditions and different enzyme variants,

which provides a new paradigm for multiple cascading metabolic reactions.

There has only been one example so far that uses a microfluidic device for multi-

step enzymatic catalysis to mimic coupled phase I and phase II drug metabolism

via enzymes. Kampe et al. reported the first microfluidic device shown in Fig-

ure 1.6 capable of performing phase I and phase II metabolism on the basis of a flu-

orescent drug 7-Ethoxy-4-trifluoromethylcoumarin (EFC) (Kampe et al., 2014).

The authors used insect-derived microsomes containing either CYP or UGT en-

zymes immobilised on superparamagnetic beads by physioabsorption and loaded

into individual compartments in the device. The compartments were aligned
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Figure 1.6: Microfluidic chip for coupled phase I/phase II metabolic
transformations. The principle of the compartmentalised microreactor is
sketched in (A), and the schematic drawing of the four-channel PMMA chip
is shown in (B). Only two of the four channels were used as compartments for
enzyme-modified microbeads. Channel dimensions are 58.5×1.0×0.2 mm. Side
(C) and top (D) view of a chip, in which two channels are connected by a bridg-
ing tube (orange arrow), while the tubings on the right are used as inlet (green
arrow) from the syringe pump and outlet (red arrow) to the HPLC/MS instru-
ment. The microscope images in (E) show immobilised particles at two different
magnifications. Reproduced with permission from Kampe et al. (2014).

sequentially to emulate the different stages of metabolism. A substrate contain-

ing solution was passed through the microchannels, and the metabolites were

quantified using coupled LC/MS.

Although the modular microfluidic system offered the potential of incorporating

different combinations of phase I and phase II enzymes to elucidate the biotrans-

formation pathway of potential drugs, it had difficulty to accurately quantify

metabolic stability and CYP inhibition was limited with this setup (A Whitman

et al., 2016). The chip required time-consuming preparation of the immobilised

enzyme loaded microchannels, during which the enzymes can be susceptible to
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activity loss. The limited half-life of enzymes used in the work made the platform

difficult to apply for high-throughput drug screening applications. Both CYP and

UGT microsomes used in the study displayed a limited half-life of 1-3 h. The

microsome immobilisation on a solid surface of beads may have reduced acces-

sibility of enzymes’ active sites due to inappropriate orientation (A Whitman

et al., 2016). Investigation of alternative immobilisation techniques can improve

the performance of the coupled system.

1.4. Immobilisation of enzymes in microfluidic

devices

1.4.1 Enzyme immobilisation overview

Immobilised enzyme systems continue to be of great scientific and commercial

interest in a range of applications (Talbert and Goddard, 2012). Immobilisa-

tion of enzymes is widely used in medical diagnostics and therapy, biosensors or

enzyme-based electrodes, organic synthesis of compounds and many other appli-

cations such as removal of waste metabolites, peptide mapping, detoxification,

etc (Matosevic, 2009).

For free enzymes in solution, there are some bottlenecks restricting their use such

as the need for an additional downstream unit operation to recover and reuse

them, and long-term operational stability (Bolivar et al., 2016b). In contrast,

the use of immobilised enzymes in microfluidic devices offers advantages such as

improved stability and reusability; without the need for purification of the catalyst

from substrates and product (Mateo et al., 2007; Rodrigues, 1999a; Wohlgemuth

et al., 2015). Additionally, immobilisation offers increased enzymatic activity

in organic solvents, increased thermal stability, operational stability, and easy

separation of the enzyme from the reaction by filtration or centrifugation in case

of batch reactions (Markošová et al., 2016).

Additionally, immobilisation of enzymes has proven to be important for en-

hancing activity and substrate specificity along with enzyme stability (Vaghari
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et al., 2016). Several studies suggest that proper enzyme immobilisation has

a positive impact on the stability of an enzyme through multipoint covalent

attachment, multi-subunit immobilisation of multimeric proteins or via gener-

ation of favourable enzyme environments (Cipolatti et al., 2016; Hernandez and

Fernandez-Lafuente, 2011; Fernandez-Lafuente, 2009; Garcia-Galan et al., 2011;

Barbosa et al., 2014). It has also been shown that introducing functional groups

or polymers on to the surfaces of enzymes, thus changing their surface properties,

can result in an improved enzyme stability (Kim et al., 2006). Additionally, sev-

eral studies suggested that certain areas of the protein’s surface can become rigid

and distorted after immobilisation, which can improve not only enzyme stability

but also enzyme activity, selectivity and specificity (Rodrigues et al., 2013).

1.4.2 Immobilisation techniques in microfluidic devices

Figure 1.7: Enzyme immobilisation techniques

In microfluidic devices, enzymes can be typically immobilised either on to an

additional structure in or on the walls of microchannels. There are a variety

of methods available for the immobilisation of proteins such as physical absorp-

tion, covalent cross-linking, copolymerisation of the protein with the polymers

and surface attachment through Zbasic2 modules on enzyme surfaces. Examples
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of reported immobilisation techniques applied to microfluidic platforms are given

in Table B.2. However, the most fundamental immobilisation techniques, cova-

lence, cross-linking, affinity, adsorption and entrapment (Figure 1.7), are briefly

discussed below.

• Covalent attachment is a commonly used technique for immobilisation

of a single protein or a group of proteins. A covalent link is formed between

functional groups of support material (microchannel walls, additional struc-

tures, and beads) and the enzyme molecule containing chemical groups on

the surface (Nisha et al., 2012; Ullah et al., 2016). Covalent immobilisation

provides one of the strongest types of enzyme linkage and can be used on a

variety of support materials such as polyacrylamide, porous glass, agarose,

and porous silica (Ghous, 2001). Covalent binding of the enzyme with the

support material involves usually activation of the support material via

addition of the reactive compound (Nisha et al., 2012).

Cross-linker glutaraldehyde is one of the widely used activation

steps in covalent attachment, where the amine groups react with the acti-

vated matrix (Porath and Axén, 1953). Glutaraldehyde links by forming

covalent bonding between the functional group of the support surface and

the enzyme surface containing the amino acid residues. Cross-linking by

glutaraldehyde has been carried out in many microfluidic platforms (Nair

et al., 2006; Xiong and Regnier, 2001; Ekström et al., 2000). Despite many

advantages of covalent attachment of enzymes, this method of immobilisa-

tion also can have a negative impact on enzymes, as it can reduce enzymatic

activity and change the affinity of the enzyme for the substrates.

• Adsorption is the easiest method for coating the surface with the enzymes.

Non-covalent immobilisation is the method of immobilisation involving bio-

specific adsorption by biotin-avidin or streptavidin affinity interaction or

low-temperature sol-gel techniques for protein encapsulation. However, the

majority of these methods are expensive or complicated and may not be

very specific for a target molecule. Gleason and Carbeck reported physical

immobilisation method applied to a glass microchannel surface for immobil-
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ising streptavidin-conjugated alkaline phosphatase (Gleason and Carbeck,

2004). A biotinylated lipid bilayer and partial biotinylation by photopat-

terning on fibrinogen were also reported by (Mao et al., 2002; Holden et al.,

2004).

• Entrapment is another immobilisation technique, where the enzymes are

occluded in the synthetic or natural polymeric networks such as a perme-

able membrane (Nisha et al., 2012). The membrane allows retaining the

enzyme inside the network and the entrapment can be achieved by the gel,

fibre entrapping and microencapsulation (Bernfeld and Wan, 1963). It can

provide fast, cheap and mild conditions required for the reaction process.

Such entrapment entities can be placed in microchannels with enzymes.

However, the disadvantage of this immobilisation method is the limitation

of mass transfer (Nisha et al., 2012). Additionally, the method can cause

inactivation of the enzyme during encapsulation as well as limited enzyme

activity due to the non-oriented binding sites of the immobilised enzyme.

• Affinity tags could be present or added at a specific position far from the

active site of the enzyme. These allow formation of strong affinity bonds

between the enzyme and a surface functionalised with the complementary

affinity ligand. Through the affinity bond, enzymes could be immobilised

by site-specific and oriented manners (Sassolas et al., 2013). One type of

affinity-based immobilisation methods is His-tag technique, which will be

discussed more in subsection 1.4.4.

1.4.3 Immobilisation of enzymes on various materials

Besides the placement of enzyme immobilisation in microfluidic channels, various

materials such as glass (Wohlgemuth et al., 2015; Valikhani et al., 2017; Dimov

et al., 2011), polystyrene (Richter et al., 2002), silicon (Ekström et al., 2000;

Dräger et al., 2007), underivatized silica (Mateo et al., 2007; Matosevic et al.,

2011) and poly(methyl methacrylate) (PMMA) (Halim et al., 2013), have already

been used to immobilise enzymes in microfluidic devices. Examples of earlier

reported immobilisation methods carried out in microfluidic flow devices with the
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enzyme immobilised on the walls of microchannel are included in the overview

Table B.2.

Table 1.4: Examples of immobilisation methods used in microfluidic
flow devices

Immobilisation
Method

Support
Material

Enzyme References

Non-covalent
(avidin-biotin)

Silica glass
microchannel

Glucose oxidase Fornera et al. (2012)

Non-covalent
(biotin-avidin)

PDMS channel
Glucose oxidase
and horseradish

peroxide
Holden et al. (2004)

Covalent via
glutaraldehyde

Silicon
microreactor

Trypsin Ekström et al. (2000)

Non-covalent
attachment onto
PET matrix

PET microchip Glucose oxidase Liu, A. L. et al., 2006

Zbasic2 attach-
ment

Glass
microchannel

Leuconostoc
mesenteroides

(LmSPase)
Valikhani et al. (2017)

His6-tag affinity
Fused silica

capillary
TK mutant Matosevic et al. (2011)

His6-tag affinity Agarose beads TK mutant Halim et al. (2013)

Covalent attach-
ment

Liquid silicon
rubber

multichannel

β-glycoside
hydrolase CelB

Halim et al. (2013)

1.4.4 Enzyme immobilisation through His-tag

Out of the reviewed strategies for enzyme immobilisation in microchannels, the

histidine tag (His-tag) technique has shown remarkable progress, taking advan-

tage of the poly-His tag, which has a high affinity for metal chelates (Barbosa

et al., 2015).

The technique improves enzyme stability through the targeted binding configura-

tion of the protein (Asanomi et al., 2011; Srinivasan et al., 2004) and is applicable

to a large variety of proteins that can be engineered with His-tag (Oshige et al.,

2013).
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Additionally, the immobilisation technique based on His-tag allows coupling im-

mobilisation to potential purification of the enzyme (Miyazaki et al., 2005). Since

a highly purified enzyme is becoming a requirement for many processes, it is par-

ticularly advantageous to combine purification within immobilisation (Miyazaki

et al., 2005).

In general, the use of the recombinant tag in immobilisation originates from

immobilised metal ion affinity chromatography (IMAC) and has been applied

extensively to protein immobilisation (Cheung et al., 2012). A chelate group,

iminodiaacetic acid (IDA) or nitrolotriacetic acid (NTA), is attached to a solid

support which then can bind strongly to a metal ion such as Ni2+ or Cu2+

through three or four binding sites. Complex formation between Ni-NTA and

His-tag renders stability for the immobilisation and the interaction can be easily

reversed via incorporation of imidazole or EDTA. Application of the immobilisa-

tion of protein molecules via a His-tag has been successfully demonstrated. Site-

specific immobilisation which orientates all proteins uniformly was performed by

(Abad et al., 2005), where His-tagged of horseradish peroxidase and ferredoxin-

NADP+ reductase, confirmed the full functional attachment of the protein to

the NTA-Co(II)-platform (Abad et al., 2005). These functionalised nanoparti-

cles thus represent an attractive ready-to-use tool for protein immobilisation on

nanoparticles.

In regard to microfluidic structures, the His-tag/Ni-NTA affinity method has

been applied to several microfluidic devices by immobilising the enzyme on sup-

port structures such as beads (Halim et al., 2013) or resins (Dräger et al., 2007;

Srinivasan et al., 2004). Additionally, the method has been successfully applied

in enzyme immobilisation on the walls of microchannels (Miyazaki et al., 2005;

Matosevic et al., 2011). However, in most cases, the enzymes were immobilised

in microfluidic devices made out of glass or silica. As nowadays most of the

microfluidic devices are made of more cost-effective and suitable for rapid proto-

typing materials such as polymeric materials, particularly poly(methyl methacry-

late) (PMMA) or polycarbonate (Rusmini et al., 2007; Goddard and Hotchkiss,

2007), there is a need for tailoring the immobilisation methods towards these
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materials.

1.4.4.1 Immobilisation of P450 enzymes

P450 enzymes play a central role in drug development and testing. With the

growth of microfluidic platforms in drug development studies, immobilising P450

enzymes on electrodes and using such electrodes as electrochemical platforms has

been growing. Performances of P450 immobilised electrodes depend on the con-

centration of the electroactive enzyme and specific orientation of the enzyme on

the electrode surface. Previous studies have shown that non-modified electrode

surfaces often distorted or denatured the marginally stable folded state of the

proteins (Sadeghi et al., 2011). Therefore, a wide number of studies have focused

specifically on the immobilisation of enzymes on modified electrode surfaces,which

ranged from the use of films of positively charged surfactants such as didodecy-

lammonium bromide (DDAB) (Fantuzzi et al., 2004, Johnson et al., 2006, Shukla

et al., 2005), poly-(dimethyldiallylammonium chloride) (PDDA) (Fantuzzi et al.,

2004, Joseph et al., 2003, Dodhia et al., 2008) to the negatively charged -poly-

(sodium 4-styrenesulfonate) (PSS) (Estavillo et al., 2003), to neutral polymers

such as polyethylene oxide (PEO) (Panicco et al., 2008), colloidal gold and chi-

tosans (Liu et al., 2008), to ordered self-assembled thiol-terminated chains such

as cystamine-maleimide (Fantuzzi et al., 2004, Dodhia et al., 2008).

The surfactant type PDDA has been reported to have favourable characteristics

when used in immobilisation of P450s. The cyclic structure and the high pKa

of the quaternary ammonium group of PDDA keep it positively charged over

a wide pH range and prevents the formation of any chemical bonds with the

protein (Sadeghi et al., 2011). As a result, PDDA gives better performance

and stabilisation of P450s. From previous studies, for example, human 2E1 and

3A4 enzymes were successfully immobilised on glassy carbon or gold modified

with mercaptopropionic acid (Au-MPA) when modified with PDDA, and the

formation of the catalytic product was measured (Fantuzzi et al., 2004, Dodhia

et al., 2008).
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1.5. Electrochemically-driven drug metabolism

Electrochemistry (EC) has been shown to be able to mimic phase I and phase

II reactions of compounds, as it can be used to form small amounts of reaction

products starting from the drug or drug candidate (Jurva et al., 2003, 2000). In

the recent decade, a combination of electrochemistry with microfluidics has par-

ticularly attracted a wide attention. The types of metabolic reactions that can

be simulated by electrochemistry was extended with the use of new types of elec-

trodes, while microfluidics has enhanced its combination with electrochemistry

due to its many advantages. Microfluidics has enhanced investigation of electro-

chemically generated drug metabolism due to its capability to couple EC/LC/MS.

The major benefit of this instrumental approach is that reactive metabolites can

be directly detected, as opposed to metabolism studies carried out on hepatic cell

matrices, in which in vitro many reactive metabolites remain unidentified as they

bind to proteins in the cell matrix. Additionally, coupling to LC/MS can be used

to study the reactivity of metabolites towards cellular cmpounds like proteins,

and allows the evaluation of a potential liver toxicity. Additionally, advantages

of microfluidic chips as opposed to static systems such as improved spatial and

temporal reaction control, easier handling of reaction products also have made

microfluidics attractive for use in electrochemical drug metabolism studies.

Particularly, to study certain enzymatic biotransformations and drug metabolites,

electrochemically driven enzymatic platforms integrated with screen-printed elec-

trodes (SPE) have been used (Yoetz-Kopelman, 2016, Shiba et al., 2016, Pan-

icco et al., 2011, Fantuzzi et al., 2011). SPEs are suitable to make effective,

low-cost miniature sensors to give reproducible results with high sensitivity in

biochemical detection (Vidal et al., 2003). Integration of screen-printed elec-

trodes immobilised with phase I enzymes to mimic the enzymatic reaction in

microfluidic platforms enables real-time monitoring of enzymatic reactions rele-

vant to metabolism. Electrochemistry techniques are a powerful tool in advancing

pre-screening stages of drug development pipeline. In order to advance current

electrochemistry-based in vitro drug development methods, it is important to

understand the basics behind electrochemically-driven drug metabolising systems
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such as cytochrome P450 biosensors and review the platforms integrated with the

developed biosensors.

The idea behind the electrochemically-driven enzymatic system is to replace an

expensive conventional electron-supply source, i.e. NADPH, with an electrode,

which potentially allows the development of inexpensive, rapid metabolic as-

says (Nowak et al., 2014). CYP is immobilised on the electrode, so they act as

biosensors and a source of enzymatic catalysis of a potential drug compound

(Nowak et al., 2014). Besides the elimination of NADPH consumption, the

electrochemically-driven system offers numerous advantages (Nowak et al., 2014).

One of them is enabling monitoring of the electroactivity of an enzyme, by moni-

toring electron transfer from an electrode to the heme domain of a protein, which

will be discussed in the later section.

1.5.1 Direct electrochemistry of cytochrome P450

Electrochemistry implies the contact between different electrically conductive ma-

terials. It deals with heterogeneous systems with the two ends that are made of

electrically conductive material. An electrode from which current leaves is a cath-

ode, and the one into which current enters is called an anode. In an electrolyte

mixture, an anode receives the current or electrons leave a metal surface where

oxidation-reduction equilibrium is established between the metal and what is in

the solution (Guo et al., 1991).

Naturally, cytochrome catalysed reactions involve the use of two reducing equiv-

alents donated by NADPH via a reductase (Guo et al., 1991). However, these

cofactor compounds are expensive and add extra steps for the reaction to oc-

cur.

The research exploring the use of cytochrome P450 in bioreactors or biosensors

have shown that an electrode can be used to substitute for reductases in the

enzyme-based biological electron delivery and transport systems (Lvov et al.,

1998; Lo et al., 1999). Use of electrodes allows the replacement of expensive

compounds such as NADPH, as they can be used as a substitute for reductases
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in the enzyme-based electron delivery and transport systems. This makes the

use of an expensive NADPH system unnecessary, reducing the time and cost of

running CYP catalysed reactions.

Electrochemistry can be applied due to ability of hemeproteins to perform direct

electron transfer from the heme iron to the electrode surface (Fantuzzi et al.,

2011). By obtaining the voltammogram of a pair of peaks corresponding to the

oxidation and reduction processes that happen during catalytic cycle of CYP, its

activity can be analysed (Fantuzzi et al., 2011). The use of an electrochemical ap-

proach is motivated not only by the possibility of not using NADPH compounds,

but also by the potential of cytochrome P450-based electrodes to be used as

biosensors in personalised medicine, drug screening tools and therapeutic drug

monitoring (Ives et al., 1961). Studies aimed at the search of new drugs and esti-

mation of their toxicity and drug interactions have shown that P450 cytochromes

are the most significant entities used for drug testing.

1.5.2 Electrochemical techniques for P450-catalysed reac-

tions

Electrochemical approach allows measuring redox potential of the P450 either

with or without a substrate drug. The first one-electron reduction process in the

electrochemistry of P450 enzyme can be described in electrochemical terms using

the half-cell reaction:

[cyp450, Fe(III)] + e−
E0


 [cypP450, Fe(II)] (1.4)

Where Ef
0 is the reversible formal potential versus a reference electrode (RE),

and Fe(III) and Fe(II) refer to the oxidised and reduced forms of the cytochrome

heme respectively (De Montellano, 2005).

Enzymes are placed on electrodes, and electrochemical measurements, particu-

larly cyclic voltammetry (CV) are used extensively to determine the electron

transfer properties of redox enzymes (thermodynamic, kinetic and mechanistic

information) (Bond, 1994; Armstrong et al., 1988; Armstrong and Wilson, 2000;
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Estabrook et al., 1996). These are then correlated with quantitative data on

CYP450 activity and their interaction with drugs. Figure 1.8 shows the concept

of applying electrochemistry on CYP 450 measurements. Many research groups

have been working on biosensors with cytochrome P450s as a substitute for bio-

logical electron delivery and transport system (Estabrook et al., 1996; Lo et al.,

1999; Lvov et al., 1998).

Although the enzyme can be either in solution, into which electrode is placed,

confinement to the surface allows a better contact with deeply buried redox-active

site within the protein shell, allowing better electron transfer (De Montellano,

2005). Additional advantage is in requirement of a very small quantity of enzyme

(De Montellano, 2005).

Figure 1.8: A concept of a direct electron transfer of CYP450 enzymes
on an electrode surface. An electrode metal surface acts as a donor of an
electrode needed in reducing an iron atom during the catalytic cycle. As a result
of the electrode surface facilitating the direct electron transfer from metal surface
to the enzyme heme, the substrate molecule is hydroxylated and a hydrophilic
product can be formed.

1.5.3 Electrochemical microfluidic platforms

Microfluidic chips integrated with electrochemical detection have gained interest

as alternative screening tools for potential metabolites in drug metabolism studies

complementary to existing in vitro tests as one of the cell-free systems. Microflu-

idic chips integrated with electrodes can be used to mimic reactions catalysed
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by a pivotal group of liver proteins known as drug-metabolising enzymes, which

are effective in predicting metabolism, since enzymatic biotransformation is the

principal route of elimination of drugs (Pelkonen et al., 2005). Additionally, such

microfluidic devices that use electrochemical detection have the potential to be

very compact and fully integrated, as the analyte signal is detected through the

use of electrodes, which are by themselves small and compact.

Several researchers have reproduced the oxidation of xenobiotics by making use

of electrochemistry (Jurva et al., 2000, 2003; Hall et al., 1989; Getek et al., 1989).

A chemical can be oxidised by applying a potential difference between electrodes,

which is more positive than the reduction potential of the xenobiotic. By coupling

this type of electrochemical reaction to a mass spectrometer, the product forma-

tion and depletion of the mother compound can be measured directly on-line.

For example, Getek et al. demonstrated the formation of phase II glutathione

conjugates of acetaminophen by electrochemically oxidising this compound first

and then mixing it with glutathione (Getek et al., 1989).

Recently, the application of electrochemical reactions for drug metabolism stud-

ies was incorporated on-chip by Odijk et al. (2009). The authors developed a

glass microfluidic device with a channel of only 9.6 nL containing a palladium

reference electrode and platinum working and counter electrodes (CE) for the

on-line oxidation of amodiaquine. The authors revealed a metabolic pathway for

amodiaquine dissolved in ammonium formate (pH adjusted to 7.4), which was

similar to conventional cell systems. The ability to mimic oxidative pathways of

new drug entities on-chip with electrochemical methods is useful for producing

large quantities of metabolites for further toxicity studies or providing a quick

and clean screening method for combinatorial chemistry (Szostak, 1997).

1.5.3.1 Microfluidic Platforms Integrated with Carbon Electrodes

One of the first reported P450 biosensor integrated platforms utilised either

carbon or gold-modified screen-printed electrodes. In 2011 several studies re-

ported electrochemical array for profiling human cytochromes and studying drug

metabolism. Rusling’s group utilised carbon based electrodes for cytochrome
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Figure 1.9: Microfluidic chips integrated with carbon based screen-
printed electrodes forming electrochemical arrays. The chip was used for
detection of reactive metabolites formed by liver enzyme cytochrome P450, and
used as a genotoxicity screening platform with reference to arylamine metabolism
(Reproduced with permission from (Wasalathanthri et al., 2013)).

P450-catalysed reaction. The authors reported the first microfluidic array de-

signed for detecting reactive metabolites formed by CYPs and by that screening

for reactive genotoxic metabolites (i.e. compounds that can form adducts with

DNA) (Wasalathanthri et al., 2011). The device was adapted from previous study,

which utilised it for detection of cancer biomarkers in serum (Chikkaveeraiah

et al., 2011). It consisted of eight-electrode screen-printed carbon arrays coated

with the DNA, redox polymer ruthenium-polyvinylpyridine (RuPVP) and rat

liver microsome (RLM) films. Reactive metabolites were able to damage DNA,

and, concurrently, the indicative signal was detected by catalytic square wave

voltammetry (Wasalathanthri et al., 2011).

The same group reported a microfluidic platform utilising a representative range

of metabolic oxidative and bioconjugation enzymes enabling multi-enzyme path-

ways for reactive metabolite generation and mimicking human drug metabolism
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(Wasalathanthri et al., 2013). The device was comprised of four 8-electrode

screen-printed carbon arrays coated with DNA/RuRVP (an electrochemical cat-

alyst)/RLM (rat liver microsome) films (Figure 1.9). The electrodes were coated

with thin films of DNA, a ruthenium-polyvinylpyridine (RuPVP) catalyst, and

multiple enzyme sources including human liver microsomes (HLM), cytochrome

P450 (cyt P450) 1B1 supersomes, microsomal epoxide hydrolase (EH), human S9

liver fractions (Hs9) and N-acetyltransferase (NAT). Each microfluidic device had

a 63 µL polydimethylsiloxane (PDMS) channel in a poly(methylmethacrylate)

(PMMA) housing. Ag/AgCl reference and Pt counter wire electrodes were sym-

metrically located along the channel housing a replaceable 8-sensor array. Four

microfluidic systems were connected to a switching valve to enable sequential ex-

periments. A switching valve and multiplexed electronics was used so that up to

64 sensor measurements were possible. This platform with electrochemical CYP

P450 activation and DNA damage detection featured oxidative and conjugative

metabolism and was the first platform designed to detect reactive metabolites

generated from multi-enzyme pathways and successfully mimicked oxidative and

conjugative metabolism.

1.5.3.2 Microfluidic Platforms Integrated with Gold Electrodes and

Electrodes Made of Other Materials

Gilardi’s group developed the first enzyme-based microfluidic platform using

gold screen-printed electrode for mimicking cytochrome P450-catalyzed reac-

tion. Authors reported an electrochemical poly(methyl methacrylate) microflu-

idic platform integrated with cytochrome P450 modified electrode (Fantuzzi et al.,

2010). The microfluidic system with a P450-electrode was comprised of a sin-

gle gold-electrode- containing reaction chamber requiring a mere 30 µL sam-

ple to electrochemically determine the interaction and affinity rankings of P450

enzyme and other drugs (Figure 1.10A). The cell had 2-electrode strips gold

working electrode (WE) modified with covalently bonded human cytochrome

P450 3A4 via self-assembled monolayers based on (1:1) ratio of 6-hexanethiol

and 7-mercaptoheptanoic acid with screen-printed carbon and Ag/AgCl inks on

polyethyleneterephthalate as counter/reference electrodes (Figure 1.10B).
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Panicco et al. same year reported enzyme-based amperometric platform for mea-

suring the individually variable, polymorphic response in phase-I drug metabolism

depending on drug therapy using gold electrodes (Panicco et al., 2011a). Since

no catalytically active protein was observed after direct immobilisation of CYP450

enzymes on the electrode surface, chemical spacers were used to form self-assembled

monolayers by covalently binding to the gold electrode (Figure 1.10C). The elec-

trochemical response of the enzyme electrodes was verified by cyclic voltammetry.

Electrocatalysis was observed at a constant potential of -0.21 V over 30 min in

the presence of the substrates bufuralol and warfarin, while metabolites were

confirmed by HPLC analysis showing successful drug metabolism in chip.

A similar platform was reported the same year by Fantuzzi et al. (2011). A

disposable device containing eight electrodes in the polypropylene-based housing

forming eight wells was fabricated (Figure 1.11).Three-electrode (counter, work-

ing and reference) configuration of an electrode was fabricated in each of the eight

wells and independently wired to a multichannel potentiostat. The working elec-

trode was fabricated with laser ablation of the desired features, working area, and

contacts, from gold. The reference and counter electrodes were fabricated using

screen-printing technology. The fabricated array was used to determine the Km

values for 30 known drugs for CYP3A4, CYP2C9, and CYP2D6 (Fantuzzi et al.,

2011). These measurements were performed in less than 15 min, demonstrating

the potential of electrochemical readouts for rapid screening of CYP-mediated

drug metabolism.

Electrochemical microfluidic device with a patterned electrode made of polycrys-

talline indium tin oxide (pITO) film and a poly(dimethylsiloxane) (PDMS) thin

layer microchannel was reported by Shiba et al. The authors successfully achieved

the simultaneous electrochemical measurement of drug metabolising reactions and

monitoring of drug oxidation reaction on-chip. They achieved measurements by

continuously supplying the pITO electrode surface with a small amount of mi-

crosome CYP, which in turn catalysed oxidation reaction with the supplied drug

compound. Kinetic analysis of the CYP activity on metabolism of substrate

testosterone was achieved using amperometry in the electrochemical microfluidic
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Figure 1.10: Microfluidic platforms integrated with gold electrodes
modified by P450 enzyme A) Exploded view of the microfluidic cell made of
micromachined poly(methyl methacrylate) by Fantuzzi et al. (2010), 2010. B)
Top view of the evaporated gold on silicon working electrode (1) and screen-
printed carbon and silver/silver chloride inks on poly(ethylene terephthalate)
counter/reference electrodes (2). (Reproduced with permission from Fantuzzi
et al. (2010)). C) A microfluidic platform by Panicco et al. (2011b) was used for
polymorphic gene screening. (Reproduced with permission from Panicco et al.
(2011b)).
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Figure 1.11: An electrochemical array fabricated using P450 biosen-
sors. A) Scheme of the design of the electrode array on the polyethylene tereph-
thalate (PET) layer, B) photograph of the array from the top, and C) a side view
of the array housed in the holder for measurements are presented. (Reproduced
with permission from Fantuzzi et al. (2011).)
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device.

Despite the significant progress made in the development of electrochemical plat-

forms integrated with cytochrome P450 biosensors for human metabolic reaction

mimicry, the field is still in its infancy and there is a lot of room for more advanced

platforms that can mimic coupled in vivo metabolic reactions.

1.6. Aims and Objectives of Project

Development of simpler in vitro tools for predicting drug toxicity, which would

allow early elimination of toxic drug metabolites, is an important mission in

drug development field. Although microfluidic multi-enzyme cascade field has

advanced, there is limited amount of work in successful coupling of reactions

mimicking human drug metabolism. Particularly, Kampe et al. reported a mod-

ular platform immobilised with phase I and phase II enzymes that successfully

mimicked liver metabolism on-chip (Kampe et al., 2014). As mentioned in sub-

section 1.3.3, its limitations included limited life of types of enzymes used in

the work, which make the platform difficult to apply for high-throughput drug

screening applications. In contrast, electrochemically-driven enzymatic system

does not require expensive NADPH system for mimicry of phase I metabolism.

Once phase I metabolite is obtained, it can be coupled to another enzymatic

system mimicking phase II reaction.

Therefore, an overarching aim of this project was to develop a microfluidic plat-

form for mimicry of phase I and phase II drug metabolism complemented with

an electrochemical enzymatic biosensor, enzyme immobilisation and microfluidic

tools. Cytochrome P450 as a phase I enzyme and glucuronosyltransferase as a

phase II enzyme represent one of the most common enzyme pair types involved in

biotransformations of drugs in the liver. This project focused on mimicking phase

I enzymatic reaction using P450-immobilised electrode, and coupling it to a phase

II immobilised microfluidic platform to obtain a final metabolite. This thesis is

comprised of the following chapters, organised by the stages of work:
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• Chapter 1 provides introduction to the use of microfluidics in drug devel-

opment, details on combining microfluidic chips with electrochemistry and

immobilisation.

• Chapter 2 is the first Results chapter, which presents case study work on

a microfluidic chip. It was important to develop and learn techniques on

the model system that was known, such as transketolase. Here, an immo-

bilisation method for histidine-tagged enzymes applicable for a desirable in

microfabrication material, poly (methyl) methacrylate (PMMA), was de-

veloped. This was achieved by investigating existing immobilisation meth-

ods and optimising them towards a faster protocol. Chapter 2, therefore,

outlines the chemical derivitisation of the immobilisation method and its

characterisation on the basis of histidine-tagged Trasnketolase (TK), and

immobilising the TK in a microfluidic device made of PMMA material.

• Chapter 3 describes another case study with a different type of an en-

zyme and an immobilisation method. Here, an electrochemically-driven

enzymatic biosensor used for catalysis of an antimalarial drug was devel-

oped. The system allowed mimicry of an oxidative metabolism based on

human phase I metabolic enzyme, cytochrome P450, using P450 immo-

bilised gold screen-printed electrodes. Immobilising the P450 and perform-

ing a metabolic reaction on an electrode prevented the use of NADPH, a

conventional cofactor, which is expensive and required in CYP-catalysed

reactions in batch. The chapter outlines fabrication of the P450 biosensor,

an electrochemical characterisation of the biosensor and catalysis of a model

antimalarial drug compound, artemether AM.

• Chapter 4, the last Results chapter, represents a combination of the chip

from the Chapter 3 to develop a different modular microfluidic system.

Having established phase I mimicking P450 biosensor, the electrochemical

system was applied to microfluidic mimicry of coupled phase I and phase

II drug metabolism. Chapter 4, therefore, outlines continuous flow studies

of cytochrome P450 biosensor and describes the development of a modu-

lar P450-UGT mimicking microfluidic chip, that utilises both enzymatic
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systems in one platform.

• Chapter 5 gives a summary of the main results and outlines potential of the

work.
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Chapter 2

Immobilisation of

Histidine-tagged Transketolase in

Microfluidic Devices

Figure 2.1: Microfluidic device immobilised with His-tagged Transke-
tolase

The data in this chapter has been published in part in ”Simplified immobilisation

method for histidine-tagged enzymes in poly (methyl methacrylate) microfluidic de-

vices”, Kulsharova et al. (2018).
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Figure 2.2: Reaction scheme of the synthesis of L-erythrulose by TK
using hydroxypyruvate and glycoladehyde as substrates. The use of hy-
droxypyruvate as carbon donor enables the reaction to go to completion due to
the release of carbon dioxide formed as a by-product.

The aim of this research was to mimic drug metabolism using microfluidic chips. The

main objective of this chapter was to develop necessary techniques based on a known

model enzyme Transketolase (TK). We focused on developing a simplified immobil-

isation method for histidine-tagged TK in a microfluidic device made of poly(methyl

methacrylate) (PMMA) (Figure 2.1). The model reaction chosen as a test case for

the work was the synthesis of L-erythrulose (ERY) from hydroxypyruvate (HPA) and

glycolaldehyde (GA) (Figure 2.2), using E. coli cell lysates containing TK enzyme. In

addition, investigation of the immobilisation surface, comparison of the developed im-

mobilisation method with an existing one, and running the TK-catalysed reaction in

the microfluidic device made of PMMA were carried out (PMMA).

2.1. Introduction

Use of microfluidic devices has been growing in a wide range of applications in biotech-

nology, chemical engineering, and chemistry as discussed in section 1.3. The use of

microfluidic devices has also accordingly increased in the context of enzymatic appli-

cations. A vast amount of techniques with immobilised enzymes that demonstrate

the potential of performing biocatalytic processes in microfluidic systems have been

reported (Miyazaki and Maeda, 2006; Bolivar et al., 2016b; Asanomi et al., 2011; Mato-

sevic et al., 2011).
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Earlier reported microfluidic devices demonstrating successful enzyme immobilisation

were prepared using a variety of materials. However, out of the reported microfluidic

devices, PMMA has been widely used as a fabrication material. PMMA has important

advantages such as low price, excellent optical transparency and attractive mechanical

and chemical properties (Chen et al., 2008). There are several examples of microfluidic

flow systems made out of PMMA with immobilised enzymes that have been reported

earlier. For example, a PMMA microfluidic system with glucose oxidase (GOx) en-

zyme covalently immobilised in its microchannels using glutaraldehyde on a prelimi-

narily aminated surface via polyethyleneimine (PEI) has been reported by Cerqueira

et al. (2014). The chip was used for electrochemical biosensing applications. Llopis

et al. reported a covalent immobilisation method attaching active groups directly on

PMMA surface of a microfluidic device using N-lithiodiaminoethane, by exposure to

UV radiation proceeded by N-(3-dimethylaminopropyl)-N-ethylcarbodiimide coupling

of ethylenediamine addition (Llopis et al., 2007). Since PMMA has an inert nature

(Goddard and Hotchkiss, 2007), the reported immobilisation methods are based on a

preliminary PMMA surface functionalisation with amine groups. Moreover, they re-

quire the covalent binding of enzymes, which makes the immobilisation surface not

reusable.

A few immobilised microfluidic systems have reported a reversible binding method

such as those based on the His-tag/Ni-NTA interaction. For example, Wollenberg

et al. reported a PMMA plug flow bioreactor for production of drug metabolites.

The microchannel walls were UV-activated and immobilised with cytochrome CYP2C9

enzyme via amine-directed coupling and the Ni(II) chelator to a histidine-tag of the

enzyme (Wollenberg et al., 2014). However, the reported method also contains the

surface functionalisation steps and the immobilisation method is labourious and time-

consuming.

This chapter investigates the development of an alternative immobilisation technique

that then can be applied to a designed microfluidic device made out of PMMA. The

chapter focuses on the development of the method, which is applicable for immobilising

histidine-tagged enzymes on the walls of a PMMA microfluidic device using direct

linking of NTA to a modified surface without the need for prior amination. The method

is developed with the aim of its wide applicability to a large variety of proteins that

can be engineered with a His-tag (Oshige et al., 2013).
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Transketolase (TK) enzyme was chosen in this study as a model enzyme. TK has a

wide substrate tolerance and high enantio- and regio-specificity (Fesko and Gruber-

Khadjawi, 2013), that make it an attractive biocatalyst for the asymmetric synthesis of

chiral metabolites (Wohlgemuth et al., 2009; Cázares et al., 2010; Hibbert et al., 2007,

2008; Charmantray et al., 2009). The TK-catalysed conversion of hydroxypyruvate

(HPA) and glycolaldehyde (GA) for production of the chiral ketoalcohol L-erythrulose

(ERY) was chosen as a model reaction (Figure 2.2). PMMA was used for fabrication

of a model microfluidic device, which was used in subsequent studies of this project

for other applications. Overall, lessons and knowledge derived from the development

of the immobilisation technique and the microfluidic platform within this chapter were

applied for the coupled drug metabolism mimicking platform, which is described in

Chapter 4.

Specific objectives of this chapter were:

• Investigation of methods of production of His-tagged wild-type transketolase

(TK)

• Establishing of TK quantification and activity determination methods

• Investigation of the earlier reported covalent immobilisation of histidine-tagged

enzymes on PMMA

• Development of a simplified immobilisation for histidine-tagged enzyme applica-

ble for PMMA microfluidic device and compare it with the previously reported

method

• Characterisation of the PMMA surface immobilised with TK using the developed

simplified method

• Development of his-tagged TK immobilised microfluidic device and investigation

of TK-catalysed continuous reaction with L-erythrulose production

• Investigation of stability of TK immobilised in the developed microfluidic device
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2.2. Materials and methods

2.2.1 Reagents and suppliers

Table 2.1: Chemicals, solvents and reagents used in P450 biosensor
fabrication and experiments.

Reagents Supplier
Bovine Serum Albumin ThermoFisher Scientific, UK

Bradford Reagent Sigma-Aldrich, UK
L-Erythrulose (ERY) Sigma-Aldrich, UK

Glutaraldehyde Insight Biotechnology, UK
Glycolaldehyde (GA) Sigma-Aldrich, UK

1,6-Hexanediamine (HMDA) 60 wt% Fisher Scientific Ltd, UK
HEPES Sigma-Aldrich, UK

MagicMediaTM E. coli Expression
Medium

Life Technologies, UK

Instant Blue Expedeon Ltd., UK
Isopropanol Sigma-Aldrich, UK

Lithium beta-hydroxypyruvate hydrate
(HPA)

Sigma-Aldrich, UK

Luria-Bertani medium Sigma-Aldrich, UK
Magnesium Chloride (MgCl2) Sigma-Aldrich, UK

Methanol Sigma-Aldrich, UK
Mini-PROTEAN TGX Precast Gels,
12%

BioRad Laboratories Ltd., UK

(5S)-N-(5-Amino-1-
carboxypentyl)iminodiacetic acid
(AB-NTA)

Insight Biotechnology, UK

PageRuler Prestained Protein Ladder
Thermo Fisher Scientific (Life
Technologies)

Pierce Micro BCA Protein Assay Kit Fisher Scientific Ltd, UK
Phosphate buffered saline (PBS) Sigma-Aldrich, UK

Poly(methyl methacrylate) (PMMA) RS, UK
Sodium chloride (NaCl2) Sigma-Aldrich, UK

Thiamine diphosphate (ThDP) Sigma-Aldrich, UK
Trifluoroacetic acid Sigma-Aldrich, UK

Tris Sigma-Aldrich, UK
10x Tris/Glycine/SDS, 5L BioRad Laboratories Ltd., UK

4x SDS Sample Buffer VWR International
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2.2.2 Biocatalyst Production

2.2.2.1 Agar plate preparation

Agar plates were prepared from a solution containing 15 g · L−1 of agar, LB-glycerol

nutrient broth. The agars prepared were then autoclaved at 121 ◦C for 15 min. Once

cooled down to a temperature between 40 - 50 ◦C, 30 mL of media were poured into

each standard size Petri dish (Fisher Scientific, UK) under aseptic conditions. The

agars were then allowed to solidify before use. For long term storage, the agar plates

were sealed with a parafilm layer and stored in 4 ◦C until use.

2.2.2.2 TK lysate preparation

Stocks of E. coli BL21gold (DE3) containing plasmid pQR791 (His6-TK) (Martinez

- Torres et al., 2007) (previously cloned from expression constructs provided by Prof.

John Ward, Department of Biochemical Engineering, UCL) were produced in-house

and stored at -80 ◦C in LB broth containing 50% (v/v) glycerol. Cells were plated

overnight at 37 ◦C on agar plates. A single colony, obtained by streaking out cells

from glycerol stocks on LB-agar plates, was inoculated into flasks containing 10 mL

of LB broth with 150 µg · mL−1 ampicillin. Cell cultures were grown at 37 ◦C until

their growth stabilised in the range of optical density (OD) of 6 (measured with a 10x

dilution in LB broth), which was measured according to subsection 2.2.3.

The biocatalyst fermentation was carried out using two different media: LB broth and

MagicMediaTM medium. Initial experiments were carried out using LB broth media

as previously described with some modifications (Matosevic, 2009; Rios-Solis et al.,

2015; Morris et al., 2016). Typically, the average duration of fermentation was 7±1 h.

Briefly, cells were sub-cultured using the earlier prepared 1% (v/v) inoculum in three

autoclaved clean 1 L baffled flasks containing 200 mL of the LB broth with 150 µg

· mL−1 ampicillin. The cell culture used in the experiments described in this study

was incubated at 37 ◦C and 250 rpm on an orbital shaker for 8 h. The OD600nm of

the solution was measured according to procedures in subsection 2.2.3 to check the

bacterial growth until it reached stationary phase.

Next, to obtain higher enzyme yields, a commercially available MagicMediaTM E. coli

expression medium (Invitrogen, UK) was used. The complete MagicMediaTM medium

was prepared using the supplied kit components according to its protocol (Appendix B).
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Briefly, similar to the LB broth-based fermentation protocol, cells were sub-cultured

using the earlier prepared 1% (v/v) inoculum in autoclaved clean 250 mL baffled flasks

with 50 mL of MagicMediaTM medium with 100 µg · mL−1 ampicillin. The culture

was incubated at 37 ◦C and 300 rpm on an orbital shaker for 23.5 h. The OD600nm

of the solution was measured according to procedures in subsection 2.2.3 to check the

bacterial growth.

2.2.2.3 Preparation of enzyme lysate for activity analysis

Frozen cell pellets from fermentation were thawed at room temperature. The pellets

were resuspended in 50 mM Tris-HCl, pH 7.0 in a ratio of 1 g of cells to 4 mL of Tris

buffer. The mixture was sonicated on ice using Soniprep 150 sonicator (MSE, Sanyo,

Japan, 10 cycles of 10 seconds ON, 10 seconds OFF). The suspension was centrifuged

at 13,000 rpm and 4 ◦C for 20 min. The supernatant was filtered using PVDF syringe

filters (Whatman, Maidstone, UK) with a molecular weight cutoff of 0.2 µm to remove

the cell debris. It was then stored at -20 ◦C until further use.

2.2.3 Analytics

2.2.3.1 Dry Cell Weight (DCW) measurement

Dry cell weight was measured after the full fermentation. Following the fermentation,

the cell culture, depending on the fermentation solution volume, was transferred or

aliquoted into 50 mL tubes. It was centrifuged at 4,000 rpm for 20 min at 4 ◦C. The

supernatant was discarded, and the tubes with cells were left to dry until they reached

a constant weight. A one-time measurement of the resulting biomass concentration in

g·L of the culture was carried out. Measured masses of dry cells collected from one

batch were divided by the appropriate fermentation solution volume, 200 mL for LB

broth-based fermentation and by 50 mL when MagicMediaTM medium was used. The

pellets were stored at - 20◦C.

2.2.3.2 Optical density (OD) measurement

Optical density (OD) measurements of liquid cultures were performed in triplicates by

absorbance at 600 nm using a Unicam UV/Vis Nanodrop system (Spectronic, UK). A

small aliquot of the culture was taken from a corresponding culture solution and diluted

with the fresh medium when needed to keep the value between 0.1-0.8 absorbance
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units.

2.2.3.3 BCA and Bradford assays

Protein concentration was determined in triplicates using the Micro BCA protein assay

kit according to the manufacturer instructions (ThermoScientific, 2016). Absorbance

measurements at 561 nm were carried out on an ATI Unicam UV/VIS spectropho-

tometer (Spectronic, UK). Protein concentration was quantified using a calibration

curve with bovine serum albumin (BSA) as a standard. BSA calibration curve used to

quantify protein concentration is shown in Appendix B (Figure B.2).

As an additional protein concentration detection method, the Bradford assay was used.

The Bradford protein assay was carried out based on the method of Bradford (Bradford,

1976). Bradford Reagent was used with bovine serum albumin as the standard protein.

Calibration curve is shown in Appendix B (Figure B.1). Absorbance measurements at

595 nm were carried out on an ATI Unicam UV/VIS spectrophotometer (Spectronic,

UK).

2.2.3.4 SDS-PAGE and TK concentration determination

Pre-cast gels of SDS 12% Tris-Glycine (Bio-Rad Laboratories Inc., UK) were used for

SDS-PAGE protein analysis. Gels were run in Tris-Glycine buffer (Bio-Rad Labora-

tories Inc., UK) using a Mini-155 Protean II system (Bio-Rad Laboratories Inc., UK)

at a power of 150 V for about 90 min. The gel was then rinsed for 5 min with 100

mL of RO water. Next, the gel was stained with Instant Blue (Expedeon Ltd., UK),

which covered the gel for 1 h at room temperature while it was left on a gentle shaker.

Destaining was performed in Milli-Q water overnight. Finally, a Gel-Doc-it bioimaging

system (Bioimaging systems, UK) was used to visualise the gels.

2.2.3.5 TK mass and specific activities of transketolase

The TK amount in the eluted sample was determined by SDS-PAGE densitometry.

Densitometry of samples electrophoresed on a 12% SDS-PAGE gel (Bio-Rad, UK) was

used. To calculate the mass of eluted enzyme in elution studies, imaging and quantifi-

cation were conducted using a GE Amersham Imager 600. A range of concentrations

of commercial BSA from 0.06 mg·mL−1 to 0.5 mg·mL−1 was run on an SDS-PAGE gel

to obtain a standard curve based on integrated optical density for calibration of the
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enzyme concentration. The calibration curve is presented in Appendix B (Figure B.3).

BSA concentration of 0.5 mg · min−1 was used as a reference band on all other gels to

account for variation in density obtained from different gels.

For enzyme binding efficiency and consequent specific activity determination studies,

previously imaged gels were analysed using ImageQuant TL Version 8.1 to calculate

the TK band density relative to the total band density. Total protein in the samples

was determined using a BCA assay as described in subsection 2.2.3.

2.2.4 Fabrication

2.2.4.1 Microfluidic chip design

Figure 2.3: Schematic of the channel geometry laser-ablated in
poly(methyl methacrylate) (PMMA). A microfluidic device was comprised
of two thermally-bonded PMMA layers; one of the layers had a microchannel
with additional ridges for increasing the surface to volume ratio; the dimensions
are shown in the figure inset. The top part of the microfluidic device (not shown)
was thermally bonded to the PMMA layer with the bottom part shown on the
right in the schematic.

A microfluidic chip (labeled TK chip) was used for immobilisation of transketolase

enzyme onto its microchannel walls. TK chip was designed using Solidworks R© (Das-

sault Systems, France), and the design was modified using Adobe Illustrator R© to be

compatible with a laser cutter software.

A chip with 5 cm width and 8 cm length was fabricated out of 2 mm poly(methyl
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methacrylate) sheet (PMMA, 824-480, RS Components Ltd., UK). The PMMA layer

was laser ablated featuring a microchannel with 500 µmtimes750 µm in depth times

width. The channel and cutouts were fabricated using a CO2 laser marking head (Zing,

USA). The chip had a 279 mm long channel with additional two ridges (Figure 2.3)

for increasing the surface to volume ratio for TK immobilisation experiments. The

dimensions of the ridges were 300 µm × 150 µm in height × width as shown in the

cross-sectional view of the channel in Figure 2.3.

2.2.4.2 Microfluidic chip interfacing

A top part of the TK chip was made of 2 mm PMMA with holes for inlet and outlet

and aligned to the bottom part of the chip containing microchannel features. Two

layers were then thermally bonded at 102.5 ◦C for 2 h to produce the TK chip (Fig-

ure 2.4).

Figure 2.4: Microfluidic chip fabricated out of poly(methyl methacry-
late) (PMMA) layer. (a) Photo of a microfluidic chip with paraphernalia
(tubing and connectors) used for immobilisation experiments (labeled TK chip).
TK chip was flushed with Allura Red dye, which is visible in the microchannel
and inlet tubing; (b) Schematic of a chip design featuring 280 mm long reaction
channel with additional two ridges along the microchannel as shown in the inset
of the figure.
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(a)

(b)

Figure 2.5: Schematic demonstrating the interfacing of tubings and
connectors to a microfluidic device. a) Side view of a microfluidic chip. The
tubing was held by a ferrule that covers the inlet and outlet holes of the chip.
The ferrule was sealed against the chip by a standard fitting that screws directly
into the connector made out of poly(methyl methacrylate) (PMMA). b) Another
side view of a microfluidic chip. PMMA connectors were attached to the chip
through two screw bolts.

Connector ports were laser cut from 2 mm thick PMMA, with two screw holes tapped

in-house with an M3 thread for attachment of the connector to the device, and with

the port hole tapped with an M6 thread to allow standard connection tubing (P-221,

Upchurch Scientific, USA). PMMA connectors were placed over the inlet and outlet of

the TK chip, and were screwed over the screw holes aligned with the chip access holes

(labeled on Figure 2.4). The chip featured four holes in total for the chip and PMMA

connectors to be interconnected through screw bolts.

An inlet and outlet tubing shown in Figure 2.4 were interfaced to the chip by inserting
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the end of a tube into a flangeless ferrule (P-221, Upchurch Scientific, USA), placing

this through a hole in the top plate, and screwing a standard fitting into the hole that

forced the ferrule against the chip surface, thus sealing the end of a tube against the

chip (Figure 2.5).

Microfluidic device volume determination

The microfluidic device with a clean and dry microchannel was connected to a sy-

ringe pump (AL 1000-220). Water was pumped at a fixed flow rate (typically 50 µL ·

min−1. The time it takes for the water to flow from the inlet to the outlet was mea-

sured. The reactor volume was calculated by multiplying the given flow rate using

Equation 2.1.

V = F · t (2.1)

where V corresponds to volume of a channel (µL), F corresponds to flow rate used

(µL· min−1) and t corresponds to the measured time (min). Inlet to outlet volume of

the TK chip was about 56 µL.

2.2.5 Poly(methyl methacrylate) microfluidic device with

immobilised his-tagged transketolase

2.2.5.1 3-step immobilisation protocol

A poly(methyl methacrylate) (PMMA) microfluidic channel was functionalised and

immobilised with His-tagged protein according to a combined protocol adapted from

both Fixe et al. and Oshige et al. (Fixe et al., 2004; Oshige et al., 2013). Fixe et

al. had developed a simple and fast method for amination of PMMA and used it for

preparation of DNA microarrays. Meanwhile, Oshige et al. had successfully developed

another protocol for immobilising proteins on an NTA-modified chitosan layer through

using cross-linkers such as glutaraldehyde.

A schematics of the combined protocol developed from methods by Fixe et al. and

Oshige et al., a 3-step immobilisation method, is shown in Figure 2.3A. Briefly, a

channel in the PMMA microfluidic device was flushed and filled with isopropanol (99%)

and incubated at 30 ◦C for 3 h. The microfluidic channel was then rinsed thoroughly
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with Milli-Q water and incubated with 10% (v/v) hexamethylene-diamine (HMDA) in

100 mM borate buffer pH 11.5, for 2 h. The channel was then thoroughly flushed with

Milli-Q water for several reactor volumes. Afterwards, the channel was incubated with

1% (v/v) glutaraldehyde overnight at 37 ◦C. Another overnight incubation at 37 ◦C was

carried out with a 0.05% (w/v) solution of N-(5-amino-1-carboxy-pentyl) iminodiacetic

acid (AB-NTA) in 0.1 M HEPES buffer, pH 8.0. Then, the channel was flushed with

Milli-Q water using syringe pump AL 1000-220 (World Precision Instruments, USA) at

flow rates of 20 µL · min−1. Finally, a solution of 0.5 M NiCl2 was pumped through the

microchannel at a flow rate of 10 µL · min−1 for 1 h followed by a Milli-Q wash.

2.2.5.2 1-step immobilisation protocol

1-step immobilisation protocol was adapted from the 3-step immobilisation by direct

conjugation of AB-NTA molecule to available methyl ester bonds on the PMMA surface

(Figure 2.3B). For this purpose, the channel was filled with isopropanol (99%) and

incubated at 30 ◦C for 3 h. After rinsing with Milli-Q water, the channel was incubated

overnight with 0.05% (w/v) AB-NTA in 0.1 M HEPES buffer, pH 8.0. Analogously to

the 3-step immobilisation, the channel was rinsed with Milli-Q water and then a 0.5 M

NiCl2 solution was pumped through the microchannel at a flow rate of 10 µL · min−1

for 1 h. The channel was washed with Milli-Q water before TK immobilisation.

2.2.6 Transketolase immobilisation and elution

Cell lysates containing TK ranging from 20% to 28% (w/w) were loaded at a protein

concentration of 14.8 ± 2.6 mg · mL−1 and 14.3 ± 3.1 mg · mL−1 for the 1-step and

3-step immobilisation microfluidic devices, respectively. The lysates were pumped into

the microchannel using a syringe pump AL 1000-220 (World Precision Instruments,

USA) at a flow rate of 5 µL · min−1 at 4 ◦C for several reactor volumes. After 1 h

a solution of 50 mM Tris-HCL, pH 7.5 was pumped through the microfluidic channel

at 20 µL · min−1 to remove non-specifically bound enzyme. Samples were collected

periodically and assayed for protein content. After operational stability studies, bound

enzyme was removed by treating the channel with EDTA elution buffer (50 mM EDTA;

pH 8.0) at 20 µL · min−1 for at least 2 reactor volumes. Collected samples were

concentrated down to 75 µL volume using Amicon Ultra Centrifugal filters (30,000

NMWL).
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Figure 2.6: 1-step and 3-step immobilisation chemistries on
poly(methyl methacrylate) (PMMA) surface. 1-step and 3-step immo-
bilisation chemistries on poly(methyl methacrylate) (PMMA) surface. (A) 3-step
immobilisation chemistry. The first line corresponds to amination chemistry of
the surface. The available methyl esters of PMMA, under basic pH conditions,
are reacted with an electron donor (N) present on the hexamethylene-diamine
(HMDA), producing primary amines on the surface. Second line of the scheme
represents the linking step of primary amine bonds formed on PMMA surface with
amine bonds of AB-NTA molecule using the cross-linker glutaraldehyde. (B) 1-
step immobilisation chemistry. AB-NTA molecule substitutes the HMDA step
corresponding to 3-step immobilisation procedure, and amine bonds of AB-NTA
molecule react directly with the available methyl esters on the PMMA surface,
formed under basic pH conditions. These 1-step and 3-step immobilisation pro-
cedures produce a functionalized PMMA surface that subsequently is used for
immobilising histidine-tagged enzymes).
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2.2.7 Characterisation of immobilisation surface

2.2.7.1 Scanning Electron Microscopy

For Scanning Electron Microscopy (SEM) imaging studies, three PMMA devices were

fabricated following the procedure as described in subsection 2.2.4. One microfluidic

device channel surface was used as a control and remained untreated. The second

and third microfluidic channel surfaces were modified using the 1-step immobilisation

protocol. After this, the third microchannel surface was used for TK immobilisation

as described earlier. The channel surfaces were dried and sputter-coated by a mix of

gold and platinum nanoparticle layer (Figure 2.7) to allow good conductivity on the

surface. SEM imaging of the pre-treated samples was carried out using JEOL 5610LV

system with magnifications ranging from 100 to 20,000.

Figure 2.7: Microfluidic channel cut in a poly(methyl methacrylate)
(PMMA) slab after sputter-coating with gold and platinum nanopar-
ticle layer. A PMMA slab with a 2 mm thickness was used for laser cutting a
microfluidic channel with two ridges with dimensions given in subsection 2.2.4.
The substrate was sputter-coated before imaging.

2.2.7.2 Infrared Spectroscopy

Fourier transform infrared spectroscopy (IR) was carried out on a microchannel sur-

face made of PMMA following the procedure described above. IR spectroscopy was

performed using a Bruker platinum ATR system on an untreated (control) microchan-

nel surface, on an AB-NTA treated microchannel surface and on the AB-NTA treated

microchannel surface after washing with Milli-Q water. Samples were analysed in the

spectrum ranging from 4,000 to 400 cm−1.
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2.2.8 Microfluidic chip in continuous flow

2.2.8.1 Transketolase reactions in microfluidic devices

The transketolase reaction in TK chip was carried out in a cold room at 4 ◦C according

to a setup shown in Figure 2.8. First, cofactor solution of 4.8 mM thiamine diphosphate

(ThDP) and 19.6 mM magnesium dichloride (MgCl2) in 50 mM Tris-HCL, pH 7.0 was

pumped through the microchannel at 10 µL · min−1 for 30 min. Afterwards, a substrate

mix of 12.5 mM glycolaldehyde (GA) and 12.5 mM hydroxypyruvate (HPA) in 50 mM

Tris-HCl pH 7.0 were pumped through the TK chip at flow rates ranging from 2.3 to 30

µL · min−1 (mean residence times of 25 to 2 min, respectively). Samples generated from

each flow rate were collected into Eppendorf tubes containing 0.1% (v/v) trifluoroacetic

acid and analysed by HPLC.

Figure 2.8: Experimental setup of continuous reactions carried out
in microfluidic device immobilised with TK. Cofactors (thiamine diophos-
phate and magnesium chloride) and substrates (glycolaldehyde and hydroxypyru-
vate) are supplied via a pump at a given flow rate into the microfluidic device.
Product (erythrulose) is collected and analysed by HPLC.

2.2.8.2 Characterisation of microfluidic chip fluidics

Microreactor configuration was approximated to a rectangular cross-section. This con-

figuration was selected since it is widely described in the literature concerning mass

transfer limitations and dimensionless numbers (Van Daele et al., 2016; Bolivar et al.,

2016a). However, the calculations should be treated as an approximation, since the

microchannel had two ridges that could have influenced the flow dynamics in the mi-

crochannel.
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The flow was defined to be laminar and with a flow rate ranging from 2.3 µL min−1 to

30 µL min−1.

The liquid flow was characterised by mean velocity um and Reynolds number Re. The

Reynolds number Re was calculated with Figure 2.18,

Re =
ρ · dh · um

µ
(2.2)

where µ was the dynamic viscosity at 5 ◦C, um was the mean velocity, ρ was the density

of liquid at 4 ◦C and dh was the hydraulic diameter calculated as shown in Equation 2.4

(Van Daele et al., 2016; Bolivar et al., 2016a).

um =
F

(
π

4
) · d2h

(2.3)

Calculations were based on a cross sectional area A of 3.75·10−7 m2. Hydraulic diam-

eter, 1.5·10−4 m, was calculated by Equation 2.4,

dh =
A

P
(2.4)

where P was a perimeter of the cross section of the microchannel. Instead of the

density and the dynamic viscosity of the substrate solution, parameters of water were

used, which were 1,000 kg ·m−3 and 1.59·10−4 kg·m−1 ·s−1, respectively.

The radial diffusive Peclet number PeD compares radial diffusion to axial convection

and can be calculated by Equation 2.5

PeD =
um · dh
D

(2.5)

where D is the coefficient of substrate, which was taken as ∼1·10 −10 m2 · s−1 (Kerby

et al., 2006; Matosevic, 2009).

Characteristic diffusion time was calculated by Equation 1.3.
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2.2.9 Reusability and operational enzyme stability stud-

ies

After each reaction run, the microfluidic device was washed with 50 mM EDTA pH 8.0

at 20 µL · min−1 for two reactor volumes at room temperature. Samples were collected

and assayed for protein content. The microfluidic device was stored at -20 ◦C for 7 day

period, until the next use. For the next cycle of immobilisation, the microchannel was

first washed with Milli-Q water at 20 µL · min−1 and then the surface was regenerated

with NiCl2 as described in 1-step immobilisation method above. Loading of TK was

carried out as previously described in subsection 2.2.6.

Operational stability study was conducted in a microfluidic device fabricated and im-

mobilised through 1-step immobilisation. After TK immobilisation and washing steps,

TK reaction was carried out under a continuous constant flow rate of 5 µL · min−1 for

up to 40 h. Samples were taken at various times and analysed for ERY production by

HPLC.

2.2.10 Substrate and product quantification of TK-catalysed

reactions

L-erythrulose (ERY) and hydroxypyruvate (HPA) were quantified with HPLC (Ul-

timate 3000, Thermofisher, UK) controlled by Chromeleon client. The system was

comprised of a four-solvent channel quarternary pump with integrated four-channel de-

gasser (LPG-3400RS) and a biocompatible analytical autosampler (WPS-3000TBFC).

A 15 min isocratic assay was extracted from previously reported method (Halim et al.,

2013). Briefly, the chromatographic separation was performed at 60 ◦C using an Aminex

HPX-87 column (300 mm × 7.8 mm, Bio-Rad, UK) with an isocratic flow of 0.1% (v/v)

aqueous trifluoroacetic acid at 0.6 mL · min−1. Compounds were detected at 210 nm

and concentrations determined using calibrations curves of L-erythruylose and hydrox-

ypyruvate standards. Retention times were around 11.5 min and 8.3 min for ERY and

HPA, respectively.
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2.3. Results and Discussion

2.3.1 Transketolase enzyme

2.3.1.1 Production of His6-TK by E.coli fermentation

Figure 2.9: Growth of His6-TK expressing E.coli strain
BL21gold(DE3) pQR791 in LB broth. Growth curves of cells pro-
duced under same conditions in two separate fermentation batches are presented.
Cells were cultured in 200 mL LB broth with the addition of 150 µg · mL−1

ampicillin, in a 1 L baffled shake flask at 37 ◦C, 250 rpm for 8 h as described in
subsection 2.2.2. The cell growth was monitored by OD600nm measurements in
duplicates. After the fermentation a final biomass concentration was 11.95±2.05
g·L−1 averaged between two batches.

The goal of the transketolase (TK) production study was to produce the enzyme in-

house for immobilising it in a microfluidic device in subsequent studies. The TK pro-

duction studies focused on delivering high yields of transketolase while keeping activity

and minimising any potential degradation to the target enzyme before immobilisa-

tion.
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An E.coli strain BL21(DE3), pQR791, over-expressing the His6-tagged transketolase

was obtained from previous work (Martinez-Torres et al., 2007). TK was expressed in

E.coli as described in subsection 2.2.2. Glycerol stocks of TK were always stored at

-80 ◦C, however, discarded after being used once, since freeze-thaw cycles may have a

negative impact on cell functionality. Agar plates were preliminarily prepared but used

within a month to avoid any possible degradation and contamination.

Initially, the TK production was carried out using standard LB broth as in the pre-

viously published literature (Halim et al., 2013) except for not adding glycerol into

the medium. During the fermentation optical density was monitored as described in

subsection 2.2.2. Figure 2.9 shows a typical growth profile for the E. coli fermentation

expressing pQR791 encoded His6-tagged TK obtained from OD600 measurements. Its

fermentation was carried out until the bacterial growth reached a stationary phase (OD

of 6). The procedure was followed by Dry Cell Weight (DCW) one-time measurements

obtained by measuring cell pellets as described in subsection 2.2.2. Measured weights

of cell pellets were 2.7 g and 2.1 g, which resulted in DCW values of 13.4 g·L−1 and 10.5

g·L−1. Thus, produced biomass concentration was 11.95±2.05 g·L−1 averaged across

two fermentation batches.

However, to shorten the time allocated on the biocatalyst production, another fermenta-

tion procedure was considered and used. The TK lysate used for subsequent immobili-

sation experiments was produced using commercially available MagicMediaTM medium

to deliver high yields of TK lysate and reduce the time on fermentation. The starter

culture was produced in an LB broth growth medium as described in subsection 2.2.2

until the OD reached a stationary phase as in the LB broth-based protocol. Then, a

certain volume of inoculum was transferred to 250 mL baffled flasks containing 50 mL

of MagicMediaTM solution prepared according to Appendix B. A starting OD of fer-

mentation sample was about 0.5±0.3 and the fermentation lasted an average of 20±4 h,

by which time the cells were in the stationary phase of growth. Under these conditions,

expressed TK constituted about 20% of the total cell protein according to densitometry

analysis. The growth curve of fermentation using MagicMediaTM medium is shown in

Figure 2.10. The figure presents fermentation profiles of pQR791-encoded His6-tagged

TK, determined from OD600nm measurements generated according to the procedure

described in the Methods section. The OD of the cell culture reached an average of 5.5

in 5 h time. The rest of the fermentation process took place overnight. Measured OD
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Figure 2.10: Growth of His6-TK expressing E.coli strain
BL21gold(DE3) pQR791 a commercially obtained media. Growth
curves of cells produced under the same conditions in two separate fermentation
batches are presented. Cells were cultured in 50 mL MagicMediaTM broth
in a 250 mL baffled shake flask at 37 ◦C, 300 rpm for 23-34 h as described
in subsection 2.2.2. The growth was monitored by OD600nm measurements in
duplicates. After the fermentation, a final biomass concentration was 61.5±4.9
g·L−1 averaged between two batches.

values corresponding to the stationary phase of growth curves ranged from 25 to 38 and

batches produced high yields of pellets, which were used for TK extraction later. Final

OD measurements resulted in average values of OD of 32±9 and 36±5 for two differ-

ent batches of fermentation averaged across triplicate measurements from each batch.

After the fermentation, the resulting solution was centrifuged and dry cell weight was

measured as described in subsection 2.2.3. Two batches of fermentation resulted in

3.25±0.01 g and 2.89±0.01 g of cells. Taking into account 50 mL fermentation solution

volume, DCW values were determined to be 65 g·L−1 and 58 g·L−1 resulting in the fi-

nal biomass concentration of 61.5±4.9 g·L−1 averaged across two fermentation batches.

A commercially available MagicMediaTM medium product specifications suggest that

the media increases the yields by 3 to 10-fold in comparison with yields obtained from
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using standard LB broth media. Incidentally, by using MagicMediaTM medium, this

study confirmed higher yields of fermentation by OD measurements of the resulting

cell culture as well as higher biomass concentration measurements in g·L−1.

2.3.1.2 Quantification of cell lysate and His6-tagged TK

This study aimed to quantitate the amount of enzyme throughout this project. Com-

mon techniques of protein quantification such as Bradford assay, micro-BCA assay, and

SDS-PAGE were employed.

The cell quantification was initially carried out by Bradford assay as described in sub-

section 2.2.3 (Bradford, 1976). The Bradford assay is a widely used method for rapid

determination of protein concentration. It is a simple technique, which relies on the

binding of the Coomassie Blue (CB) 250 dye to protein, which displays a metachro-

matic shift upon binding to a protein, absorbing strongly at 595 nm (Noble et al.,

2007). The cell lysate produced through in-house fermentation was quantified using

the Bradford assay. Bovine serum albumin (BSA) dilutions were used for constructing

a calibration curve (Figure B.1) and the absorbance was measured at 595 nm. Due

to small quantities of enzyme used in immobilisation studies, a calibration curve for

concentrations up to 1 mg·mL−1 was constructed. The TK lysate was diluted for the

Bradford assay measurements and the concentration of the stock protein were 10.8±2.6

mg·mL−1 averaged between two fermentation batches. Concentrations of TK produced

by an individual batch were calculated in triplicates.

The TK immobilisation in microfluidic device experiments requires work with small

amounts of protein due to miniature sizes of microchannels. Therefore, another type

of protein quantification method, Thermo ScientificTM Micro BCA Protein Assay, was

investigated. Micro BCA Protein Assay is a formulation for the colourimetric detection

and quantitation of total protein, which utilises bicinchoninic acid (BCA) as the de-

tection reagent for Cu+1 (Smith et al., 1985). The chelation reaction of two molecules

of BCA with one cuprous ion (Cu+1) forms a purple-colored reaction product, which

is then read at 562 nm absorbance. Absorbance is linear with increasing protein con-

centrations. According to (O’Nuallain and Wetzel, 2002) the macromolecular protein

structure, the number of peptide bonds and the presence of four amino acids such as

cysteine, cystine, tryptophan, and tyrosine are responsible for colour formation with

BCA (O’Nuallain and Wetzel, 2002). However, studies with di-, tri- and tetrapeptides
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indicated that the extent of colour formation was caused by more than the sum of these

individual colour-producing functional groups (O’Nuallain and Wetzel, 2002).

In the BCA assay procedure, BSA was used as a standard for the calibration curve

to determine the lysate TK concentration. All steps of the BCA assay were carried

out according to manufacturers’ instructions (subsection 2.2.3). A calibration curve for

concentrations up to 200 µg·mL−1 is presented in Appendix section (Figure B.2). The

calibration curve was used for further protein analysis in immobilisation experiments.

To make the calculations uniform, the same standard curve was used for quantifying cell

lysate concentration too. A diluted sample of the produced TK lysate was analysed

and an average concentration between two batches of fermentation was 14.55±2.85

mg·mL−1. The TK lysate concentrations determined by BCA assay produced approx-

imately 30% higher values than those determined through Bradford assay. In previous

studies, the BCA, Lowry and CB dye-binding assays were compared in the assay of

protein extracted from latex (Sapan et al., 1999). The results showed that with BSA

used as a standard, CB leads to lowest values, while higher values were obtained with

either BCA or the Lowry assay (Sapan et al., 1999). Also Walker et al. reported that,

for example, glycosylated proteins were underestimated by Bradford and overestimated

by the BCA assays (Walker, 1994). Therefore, obtained higher concentrations through

BCA were expected.

Additionally, previous reports in the literature showed that there is a variability of signal

response between the Bradford and BCA methods. For example, one study concluded

that the Bradford assay is more prone to variability than the BCA assay (Alterman

et al., 2003). This can be due to dependability of the Bradford assay’s signal on the

protein composition, with lysine, arginine and/or hydrophobic interactions playing an

important role in dye-binding (Sapan et al., 1999). Additionally, the Bradford assay

may be affected by protein impurities and nonprotein components in the solution,

as well as by variations in sensitivity between individual proteins (Bradford, 1976;

Hammond and Kruger, 1988), which may lead to an underestimation of the protein

content.

Overall, the BCA was reported to exhibit less inter-protein variability and is recom-

mended to be used when inter-protein variability is a concern, for example when the

standard is a different protein from the unknown sample (Noble et al., 2007). In this

work, the standard used is based on BSA protein, which is different than the protein of
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interest, the TK. Additionally, in applications where repeatability is a critical factor,

BCA assay is recommended to be used (Noble et al., 2007). Since in this work TK

is produced within the cell lysate among many different proteins making both inter-

protein variability and repeatability critical factors, BCA assay method was chosen as

a primary method of protein quantification for further experiments.

- SDS PAGE analysis

To investigate the presence of TK in the lysate, SDS-gel analysis and densitometry were

utilised. Previous studies indicated that TK content in TK lysate is approximately

25% (Abdul Halim, 2014). A percentage of the TK in the lysate was investigated by

analysing the TK band corresponding to 70 kDa marker. Densitometric analysis of

TK lysates ran on SDS-gels showed that the value of the fraction of TK in the lysate

was found to be roughly 25% (Figure B.4). Particularly, cell lysates produced from

fermentation in MagicMedia medium as described in subsection 2.2.2, with concentra-

tions of 14.76 and 14.31 mg·mL−1 determined via BCA assay previously, showed 20%

and 28% TK content in each batch, respectively. These values were used as TK enzyme

concentrations in TK activity analysis both in batch and in flow modes.

2.3.1.3 Analysis of TK activity in solution

Methods for investigation of the activity of transketolase have been widely studied and

reported in previous literature (Matosevic, 2009; Martinez-Torres et al., 2007; Halim

et al., 2013; Matosevic et al., 2011; Gruber, Carvalho, Marques, O’Sullivan, Subrizi,

Dobrijevic, Ward, Hailes, Fernandes, Wohlgemuth et al., 2017). The activity of trans-

ketolase is based on a model reaction of TK-catalysed conversion of hydroxypyruvate

(HPA) and glycolaldehyde (GA) to L-erythrulose (ERY) with a side product of carbon

dioxide (Figure 2.2).

Clarified cell lysates obtained from fermentation in-house were stored at - 20 ◦C. To

check the activity of a clarified lysate, the TK reaction was conducted at room temper-

ature following standard conditions. First, lysates were pre-incubated with cofactors

ThDP (4.8 mM), MgCl2 (19.6 mM) in order to reconstitute the holoenzyme (Matose-

vic, 2009). The TK-catalysed reaction started when substrates HPA (6.2 mM) and GA

(6.2 mM) were added into the mix. Samples were taken at appropriate times, and the

reaction was monitored for ERY formation and HPA depletion by the HPLC method

(subsection 2.2.10). This pattern can be observed from Figure 2.11, which shows a
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Figure 2.11: Profile of the TK model reaction at RT. The data was
obtained from TK-catalysed reaction of 6.2 mM GA and HPA performed at RT
in batch (n=1). Samples were analysed for amount of ERY produced and HPA
remaining. Transketolase was added in lysate form at 10% v/v, resulting in a
concentration of 1.4 mg·mL−1. Both substrates and products were monitored by
HPLC with UV detection (subsection 2.2.10).
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(a) (b)

Figure 2.12: Production of L-erythrulose as a function of time in batch
with the enzyme in solution. The data was obtained from TK-catalysed re-
action of 12.5 mM GA and HPA performed at 4 ◦C in batch (n=2). Samples were
collected in duplicates for each time sample and were analysed for the amount of
ERY produced. Data were fitted with linear regression through the origin and
R2 value was 0.998. TK activity values, corresponding to the slope of the fitted
line yielded 1.76 µmol·min−1 for volumetric enzyme activity that is equivalent to
a specific enzyme activity of 3.38±0.25 µmol·mg−1·min−1.

TK-catalysed reaction sample analysis on the concentration change of ERY and HPA.

Calibration curves for ERY and HPA were obtained using standards and given in Ap-

pendix (Figure C). Figure 2.11 shows the substrate, HPA, decreased, while the product

ERY concentration increased simultaneously, suggesting the substrate successfully con-

verted to the product within the reaction time. The concentration of the enzyme used

in this sample reaction was 1.4 mg·mL−1.

As the goal of this chapter was developing an immobilisation technique, the effect of

temperature on immobilisation bonds and chemicals needed to be minimised. There-

fore, to be consistent with future immobilisation experiment conditions, the TK-catalysed

reaction was conducted using the clarified lysate in batch at 4 ◦C too. Lysates were

pre-incubated with cofactor mix before adding 6.2 mM GA and HPA. The reaction

was sampled up to 1 h and samples were analysed for production of ERY over time.

Figure 2.12a shows a typical activity profile of TK reaction in batch as a function of

time at 4 ◦C based on triplicates. Using SDS gel analysis, TK band comprised 33.5%

and 38.8% of the whole protein bands and amount of TK content in the lysate was

determined (0.52 mg). Using initial ERY production time points, TK activity and

specific activity of the free enzyme in solution were found to be 1.76 µmol·min−1 and

75



2.3. RESULTS AND DISCUSSION

3.38±0.25 µmol·mg−1·min−1, respectively (Figure 2.12).

Several previous studies have reported the estimation of Michaelis-Menten kinetic pa-

rameters of Transketolase-catalysed conversion of HPA and GA to ERY in batch (Mato-

sevic et al., 2011; Abdul Halim, 2014; Halim et al., 2013; Matosevic, 2009). The ERY

producing reaction was analysed as a dependance of three different substrate concen-

tration, profiles of which are shown in Figure 2.13a. By plotting a linear fitting through

the initial points up to 10 min shown in Figure 2.13b, initial reaction velocities corre-

sponding to each substrate concentration were determined.

The Michaelis constant, Km of 85 mM and the maximum reaction velocity, Vmax of 6.42

µmol·min−1 were obtained using the Eadie-Hofstee method. Previously, Matosevic et

al. reported twice as low Km value for free enzyme of 41 mM, while the Vmax reported

was much higher, 0.25 mmol·min−1 (Matosevic, 2009). However, it is important to

note that the kinetic parameters in previously reported studies were obtained from

reactions conducted in room temperature, while the parameters in this work correspond

to much lower temperature conditions. As a result, Vmax is much lower since at lower

temperatures TK-catalysed reaction is expected to run slower and with a possible

weakening of affinity of the substrate to the enzyme, producing higher Km as in this

work.

2.3.2 Immobilisation of His6-tagged enzymes

The goal of this study was to explore existing immobilisation techniques in search of

optimal one and to develop a method that is best suited for use in microfluidic devices

made of poly(methyl methacrylate) (PMMA).

Existing protocols for immobilising enzymes on to polymeric materials require prior

surface modification since the material surface does not contain suitable functional

groups in their native form (Soper et al., 2002). A protocol developed by Oshige et

al., for example, allows immobilising His-tagged proteins on various polymers, however,

requires prior surface amination (Oshige et al., 2013). The protocol is based on using

glutaraldehyde as a cross-linker allowing enzyme binding via Ni-NTA (Oshige et al.,

2013).

The initial question in this study sought to investigate a 3-step immobilisation method

using an adaptation of the method by Oshige et al. and functionalisation of PMMA
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(a)

(b)

Figure 2.13: Production of TK-catalysed L-erythrulose as a function of
time in batch mode for different substrate concentrations. The data was
obtained from TK-catalysed reaction using 12.5, 6.2 and 3.1 mM concentrations
of glycolaldehyde and hydroxypyruvate at 4 ◦C in batch (n=3).
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method by (Fixe et al., 2004) as a first step. This protocol started with the amination

of the PMMA surface by using hexamethylene-diamine (HMDA). Glutaraldehyde was

used as a cross-linker to conjugate amine bonds of N-(5-Amino-1-carboxy-pentyl) imin-

odiacetic acid (AB-NTA) to the aminated PMMA surface. However, the application

of this method was time-consuming since it took at least 48 h to complete the surface

treatment as described in subsection 2.2.5.

In search of optimising the protocol with a reduced number of chemistry steps and

time of incubation, a simpler method was investigated. The developed new method

comprised of covalent binding of AB-NTA to the modified PMMA surface. It was based

on an attachment of AB-NTA amine bonds to the available methyl esters of PMMA

under basic pH conditions forming amide bonds as described in subsection 2.2.5. This

eliminated the amination step and the use of glutaraldehyde.

2.3.2.1 Investigation of 1-step immobilisation method on PMMA

Infrared spectroscopy

To investigate AB-NTA coupling to the PMMA surface via 1-step immobilisation, a

study of PMMA surface analysis using Infrared (IR) spectroscopy technique was carried

out as described in subsection 2.2.7. The first IR spectrum (Figure 2.142a) obtained

from bare PMMA surface showed only native groups present on PMMA surface as

expected and presented a set of bands characteristic to pure PMMA (Henry et al.,

2000).

However, an absorbance peak corresponding to secondary amine bonds (∼3400 cm−1)

was observed during analysis of the PMMA treated with AB-NTA conjugated to the

surface via 1-step immobilisation technique (Figure 2.14b). The ∼3400 cm−1 peak can

be assigned to the N-H stretching vibrations due to amide bond formation (Henry et al.,

2000). In contrast, this peak was not present on neither bare PMMA surface sample

or on the PMMA sample treated with isopropanol (image not shown). After washing

step, which is usually carried out following the PMMA incubation with AB-NTA in

the 1-step immobilisation method, the IR peak of ∼3400 cm−1 reduced but remained

present. Results confirmed successful binding of AB-NTA to the PMMA surface, which

form secondary amide bonds on the surfaces shown in Figure 2.14.

Scanning Electron Microscopy
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Scanning electron microscopy (SEM) was used to visualise the microchannel surface

structure and show the surface modifications due to the 1-step immobilisation method.

Comparison of the surface topology shows the difference in surface roughness between

the treated and untreated microchannel surfaces (Figures 2.14a,d SEM images). The

first SEM image shows the surface of an untreated PMMA channel with re-settled

material particles and small cavities due to the laser cutting microfabrication process.

Roughness is very favourable for immobilisation of proteins, as it potentially increases

the effective area used for modification.

Such structures were not observed in images taken of other areas of the PMMA surface

that were not laser cut (image not shown). In comparison, the treated microchannel

surface after the 1-step immobilisation (Figure 2.14b SEM image) appeared smoother,

suggesting successful AB-NTA conjugation on to the surface. In contrast, surfaces

in Figures 2.14c,d corresponding to immobilised TK showed a distinct difference, as

porous structures were observed. As these were not observed on microchannel surfaces

that had not been treated with the enzyme, this suggested binding of transketolase

molecules. More and uneven layer of the enzyme may be attached due to the porous

surface of the microchannel.
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Figure 2.14: Surface analysis of TK-immobilised Poly(methyl
methacrylate) microchannels. Set of fourier transform infrared spectroscopy
spectra and respective scanning electron microscopy (SEM) images of (A) bare
poly(methyl methacrylate) (PMMA) microchannel surface; (B) microchannel af-
ter treatment with AB-NTA followed by wash step with Milli-Q (1-step method)
(C) 1,000× and (D) 1,0000× magnifications of PMMA channel surface after im-
mobilisation of transketolase using 1-step immobilisation method.
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2.3.3 Enzyme binding efficiency in immobilised microflu-

idic devices

Figure 2.15: SEM image of an immobilisation surface. Scanning electron
microscopy (SEM) image of the inner surface of an untreated PMMA channel.
100× magnification shows the full width of the channel section. The figure sug-
gests that the cross-section of the channel is approximately triangular, instead of
expected rectangular shape. The microfluidic channel width was 750 µm.

The goal of this subsection was to investigate capacities of the adapted 3-step and de-

veloped 1-step immobilisation techniques to retain TK enzyme in microfluidic device

microchannels. Both methods were applied to immobilising histidine-tagged transketo-

lase (TK) in a PMMA microfluidic device shown in Figure 2.4. Chips with meandering

flow channels and additional grooves within the microchannels for enhanced surface

areas were fabricated as described in subsection 2.2.4.

The internal surface area of a microfluidic chip channel was determined to be 1,040

mm2 (Appendix section D). The calculated theoretical volume of the microchannel

was 80±10 µL assuming sharp edges of the designed grooves inside the microchannel.

However, the experimentally determined volume was only 56±10 µL. The difference

was due to the non-rectangular profiles of the microchannel surface. To visualise the

microchannel surface structure, Scanning Electron Microscopy (SEM) image was taken

of the full-wide microchannel fabricated on a PMMA slab. To be able to visualise it from
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the top, microchannel slab was not thermally bonded to another PMMA layer, which

typically forms a top layer of a chip. A bottom part of the chip with the microchannel

was visualised. As can be seen in Figure 2.15, the edges of the microchannel were not

uniform, while the walls of the microchannel were non-vertical and deviated from a

perfect rectangular cross-section, most likely due to the use of laser ablation.

The fabricated PMMA microfluidic devices were modified with 1-step and 3-step im-

mobilisation methods. Clarified cell lysates obtained from in-house fermentation as

described in subsection 2.2.2 were used at concentrations of 14.76 and 14.31 mg·ml−1

(containing 20% and 28% TK determined via densitometry) for loading into the pre-

liminarily modified microchannels, respectively.

Figure 2.16: Quantification of transketolase (TK) protein concentra-
tion to determine enzyme binding efficiency of immobilised microfluidic
devices prepared by 1-step and 3-step immobilisation methods. Protein
amounts loaded into the microfluidic device and collected in flow-through frac-
tions from the microchannels with immobilised TK via (A) 1-step and (B) 3-step
methods. Inset: SDS-PAGE gel of protein samples. Lane (L) M - SDS marker
with the 74 kDa band indicative of the size of the TK monomer (72.5 kDa), LS
- amount of protein loaded (S= 0.20±0.03 mg TK for 1-step and 0.29±0.06 mg
TK for 3-step immobilised microfluidic devices): and L1-7 - protein content in
collected wash fractions. Final immobilised amount of TK enzyme in microflu-
idic devices using 1-step and 3-step methods was calculated to be 29±15 µg and
75±36 µg, respectively. n=3. Error bars represent the standard deviation about
the mean.

The enzyme amount retained in the microreactors was determined by a mass balance

between the amount of enzyme loaded at the inlet and that measured at the outlet and
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in the wash fractions. In total, 6 to 7 washing steps were performed with each collected

sample containing a solution of one channel volume (112 µL for 1-step and 124 µL

for 3-step immobilised microfluidic devices including tubing volume, respectively). Fig-

ure 2.16 shows the protein quantification of wash fractions after enzyme immobilisation

in two microfluidic devices. Using densitometric analysis, the percentage of TK relative

to total protein amount in each lane in SDS-PAGE gels was determined and presented

in the insets of Figure 2.16. The TK content was determined for each wash fraction.

No protein was detected after the third wash of the microreactor channel immobilised

with TK via 1-step immobilisation method, while the 3-step microfluidic chip samples

showed that small amounts of protein were still detected up to the fifth wash fraction. A

control study of TK loading into bare non-modified PMMA microfluidic device yielded

no protein retention in the channel, which confirms that the enzyme retention in im-

mobilised microfluidic devices was due to the immobilisation layer. Wash samples were

run on an SDS-PAGE gel to display the presence of the protein in all wash fractions

(Appendix Figure D.2).

Figure 2.17: SDS-PAGE gel of collected flow through fractions from the
microchannels with immobilised TK via 1-step immobilisation method
and of elution samples. (A) SDS-PAGE gel of samples of loaded TK lysate
and the flow through fractions. Lane (L) 1: SDS Marker; L2: 2x diluted TK
lysate sample; L3-7: wash fractions 1-5; L10: BSA standard reference band with
0.5 mg·ml concentration; (B) Zoomed images of L8-9 corresponding to eluted TK;
L10: BSA standard reference band.

83



2.3. RESULTS AND DISCUSSION

The theoretical amount of TK that can be immobilised on the walls of a channel with

such geometry was estimated to be about 5 µg. Details of calculations are shown in

Appendix section (section D). Since the experimentally measured amount of bound TK

was much higher than the theoretical amount, TK must have been bound in abundance,

which was in agreement with literature. For example, Miyazaki et al. reported 8-10

fold higher obtained enzyme amount for a His-tagged L-lactic dehydrogenase enzyme

immobilised in a derivatised silica microchannel (Miyazaki et al., 2005). Thus, the

theoretical amount of enzyme calculated in this work could be treated as the minimum

amount of enzyme immobilised in the microfluidic device.

Using mass balance data from protein quantification in the collected flow-through frac-

tions, the amount of bound TK in the microchannels was estimated to be 29±15 µg

for 1-step and 75±37 µg for 3-step immobilised TK microfluidic devices, respectively.

Thus, average binding efficiency of 15% for 1-step and 26% for 3-step microfluidic

devices was determined. The data also suggested that approximately 6 and 15 times

more enzyme was immobilised than the theoretically estimated amount for a microflu-

idic channel of such geometry.

Additionally, after the flow-through experiments, an elution buffer solution was passed

through the microfluidic device immobilised with TK via 1-step immobilisation as de-

scribed subsection 2.2.6. The collected sample was concentrated and ran on an SDS-

PAGE, which produced a faint SDS band corresponding to the TK molecular weight

(Figure 2.17). The amount of eluted TK was determined using densitometric analysis

(using BSA for calibration) and was 9 µg, which comprised ∼31% of the average amount

of TK calculated from the mass balance. The eluted amount of TK was almost twice

higher than the theoretical value calculated based on the geometry of the channel. The

difference between the bound TK calculated from the mass balance and that obtained

from the eluted band is likely due to the difficulty of accurately quantifying such small

amounts of enzyme.

2.3.4 Transketolase reaction in continuous mode

Although microfluidic channels offer enhanced transfer rates for both mass and heat

due to their sub-millimeter dimensions (Van Daele et al., 2016), even at such small

scale, mass transfer limitations can occur and affect the enzymatic kinetics. Reaction

engineering analysis was applied to the TK chip to determine several parameters. Ta-
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ble 2.2 presents obtained values of mean velocity, Re and Pe numbers for each flow

rate used in flow experiments.

The flow of a fluid through a microfluidic channel can be characterised by the dimen-

sionless Reynolds number, which in many ways can be affected by the physical geometry

of the system. The Reynolds number (subsection 2.2.8) varied between 0.20 and 2.67

dependent on the flow rate F. The calculated data is presented in Figure 2.18 and

suggests the fully developed laminar flow for all flow rates (Re <2100).

Table 2.2: Related parameters for Reynolds number calculations

F, µ · min−1 F, m3 · s−1 um, m·s−1 Re PeD (x 103)

2.3 3.83E-11 0.0022 0.20 0.33

2.8 4.66E-11 0.0026 0.25 0.40

3.8 6.33E-11 0.0036 0.34 0.54

5.7 9.50E-11 0.0054 0.51 0.81

11.3 1.88E-10 0.0107 1.01 1.60

22.6 3.77E-10 0.0213 2.01 3.20

30 5E-10 0.0283 2.67 4.25

The radial diffusive Peclet number PeD compares radial diffusion to axial convection

(Bolivar et al., 2016a). The dimensionless Peclet number calculated as presented in

subsection 2.2.8 varied between 326 and 4250. A high Pé value indicates the dominance

of mass transfer by advection within the system, whilst the Peclet number less than

1 indicates diffusion dominated regimes. Here, the calculated Peclet numbers and its

dependence on flow rate Figure 2.18 indicates that the axial dispersion is controlled by

convection.

In a reaction channel, the laminar flows of substrates are expected to diffuse and react

with the enzyme immobilised on the walls of the microchannel. Since the configuration

of the TK microchannel is such that the enzyme is immobilised on the walls, diffusion

across the channel in a direction perpendicular to that of the applied flow should be

considered. Equation 1.3, the Einstein-Smoluchowski equation, describes the diffusion

of a species through a media due to Brownian motion, which is caused by the thermal

motion of the surrounding solvent molecules (Hamley, 2000). Here, hydraulic diameter

x calculated in subsection 2.2.8 was used for calculation of the diffusion time which

was 11 s. Flow rates ranged between 2.3 and 30 µL · min−1. Considering an average
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Figure 2.18: The Reynolds and the radial diffusive Peclet numbers
dependance on the flow rates in microfluidic device.
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volume of a microfluidic channel was ∼56 µL, residence times (the time a molecule

spends within the channel space in the given flow rate) varied between ∼25 min to ∼2

min. These reaction times are all close or longer than the time required for diffusion

mixing, however, in a perpendicular direction to the flow, diffusion time is not enough

for all substrate molecules to diffuse to the enzymes immobilised on the walls. This

effect increases as flow rates increase since convection in the system dominates for all

flow rates as established from Peclet number. Due to the slow diffusion of molecules

during the allowed residence times, enzyme activity is likely to be affected.

2.3.5 Analysis of TK activity in microfluidic chips

Therefore, production of TK reaction product, ERY, produced in microfluidic devices

immobilised with TK using 1-step and 3-step immobilisation methods was investigated

and compared. For this study, two PMMA microfluidic devices immobilised through

1-step and 3-step methods were compared based on the production of ERY and specific

activity of the TK immobilised in the channels.

The TK-catalysed reaction has been previously characterised in continuous-flow mi-

croreactors (Matosevic et al., 2011; Halim et al., 2013). Reported microreactors were

immobilised with TK on the microchannel walls or through Ni-NTA agarose beads

(Matosevic et al., 2011; Halim et al., 2013). In contrast, in this work developed im-

mobilisation method is different and specifically developed for PMMA material, widely

used material in rapid fabrication. Additionally, the microfluidic device was operated

at flow rates ranging from 2 to 30 µL · min−1, which were higher than the flow rates

used in the previous studies. TK-catalysed reaction conditions were also different, par-

ticularly the temperature of the continuous reaction was held at 4 ◦C, which would

minimise possible thermal deactivation of the enzyme.

Figure 2.19 shows the dependence of ERY production on flow rate, which yielded sim-

ilar profiles for microfluidic devices immobilised with 1-step or 3-step methods. From

this dependence, ERY production dependance on residence time was calculated and

plotted.

For immobilised TK enzyme on Ni-NTA agarose beads previously Halim et al. reported

a specific activity of 8.20 µmol·min−1mg−1, while Matosevic et al. reported a specific

enzyme activity of 0.8 µmol·min−1mg−1 for TK immobilised on the walls of a silica
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capillary (Matosevic et al., 2011; Halim et al., 2013). However, the much-reduced

specific activity found in this study can be explained by the lower temperature used in

comparison with previous studies that were carried out at room temperature.

Additionally, the immobilised TK retained only 4% of the specific activity of the free

enzyme in solution 3.38 µmol·min−1mg−1, the calculation of which was previously pre-

sented in subsubsection 2.3.1.3 with Figure 2.12. The free enzyme used for calculation

of specific activity came from the same batch used for continuous reaction and was used

under the same conditions as continuous flow experiments.

Slopes of linear ranges shown in Figure 2.20 yielded activity of TK immobilised in mi-

crofluidic devices prepared via 1-step (0.0036±0.0002 µL ·min−1) and 3-step (0.0066±0.0004

µL · min−1) immobilisation techniques. Specific activities of TK were equal to 124±13

and 88±11 nmol·min−1mg−1 for 1-step and 3-step immobilisations, respectively.

Figure 2.19: Conversion of glycolaldehyde (GA) and hydroxypyruvate
(HPA) to L-erythrulose (ERY) at 4 µL · min−1 as a function of flow
rate in the PMMA microfluidic devices. Comparison of product formation
obtained from microfluidic devices with TK-immobilsed via 1-step and 3-step
immobilisation techniques. The specific activity values derived from this data
were 124±13 and 88±11 nmol·min−1mg−1 for 1-step and 3-step immobilisation,
respectively. Error bars represent one standard deviation about the mean (n=2).
TK-catalysed reactions were performed using equimolar concentrations of GA
and HPA (12.5 mM).

This is in line with earlier data by Matosevic (Matosevic, 2009), who reported also
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Figure 2.20: Production of ERY as a function of residence time. TK-
catalysed reaction in microchannels prepared via the 1-step and 3-step immobil-
isation method. Samples were collected in duplicates for each residence time and
analysed for amount of ERY. The linear range of residence times were taken to
calculate the volumetric enzyme activity. Data was fitted with linear regression
and R2 values were 0.984 and 0.977 for 1-step and 3-step data, respectively. TK
activity, the slope of the fits, was 0.0036±0.0002 µL · min−1 for 1-step immo-
bilisation and 0.0066±0.0004 µL · min−1 for 3-step immobilisation, respectively.
The reaction was performed at 12.5 mM GA and HPA over flow rates from 2.3
to 30 µL ·min−1 at 4 ◦C.
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4% of the free enzyme activity which was retained using His-tagged immobilisation.

For covalent attachment via cross-linking with glutaraldehyde onto the amino-silanised

surface Thomsen et al. reported that immobilised β-glycoside hydrolase CelB in mi-

croreactor retained only about 3% of the specific activity of the free enzyme, while the

CelB attached to silanized macroporous glass beads in batch that employed the same

immobilisation technique retained 35% of the free enzyme-specific activity (Thomsen

and Nidetzky, 2008). Large differences between immobilised and free enzyme specific

activities could be caused by mass transfer limitations due to the unfavourable confor-

mation of the immobilised enzyme and/or multi-layer attachment and possibly some

inactivation of the enzyme in immobilised form (Thomsen and Nidetzky, 2008).

2.3.6 TK immobilised in microfluidic device

This study aimed to ensure that the microfluidic device with TK immobilised using the

1-step immobilisation method could be reused without the loss of immobilised enzyme

activity.

2.3.6.1 Reusability of immobilised microfluidic device

To check the productivity, the performance of the microfluidic device was tested over

multiple immobilisation-elution-regeneration cycles. To maximise productivity, the mi-

crofluidic flow system is expected to perform consistently over multiple cycles. Previ-

ously, immobilised microfluidic devices have shown better retention of enzyme activity

than using enzymes in free solutions. For example, Thomsen et al. demonstrated con-

sistent productivity of a β-glycoside hydrolase CelB-immobilised microreactor over 5

days (Thomsen and Nidetzky, 2008). Matosevic et al. showed successful reusability of

silica-based immobilised microreactor over 5 cycles (Matosevic et al., 2011).

In this work, the microfluidic device robustness was investigated to evaluate whether

the 1-step immobilisation protocol is suitable for repeated usage over longer periods

than the times tested in the previous studies. The reusability of the device with TK

immobilised via the 1-step method was studied by using the same microchannel af-

ter eluting the enzyme and reusing the microreactor after 7 days of storage in 4 ◦C

(subsection 2.2.9). The whole experiment spanned a 21 day period. In each successive

run, a fresh TK was immobilised from the original fermentation batch. The enzyme

was eluted by flowing an elution buffer solution as described in subsection 2.2.6. The
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microchannel surface was then regenerated with NiCl2 for following loading of new

enzyme.

Figure 2.21: Relative productivity of the poly(methyl methacrylate)
(PMMA) microfluidic device over 3 cycles (every 7 days apart) of using the
transketolase immobilised microreactor prepared by the 1-step method. Reac-
tions were performed using hydroxypyruvate (HPA)/glycolaldehyde (GA) con-
centrations of 12.5 mM at 4 ◦C. The productivity is defined as the amount of
product generated (per amount of enzyme) divided by the product formed of
the starting enzyme activity determined in the same way. The productivity is
determined at 10 µL · min−1 flow rates.

Reusability of the microfluidic enzyme with a 1-step immobilisation layer was assessed

by its repeated usage. Figure 2.21 shows the relative productivity over three cycles

obtained from reusing the microfluidic device with TK immobilised via 1-step method

at a flow rate of 10 µL·min−1. Slow flow rates were chosen, as previously conducted flow

experiments resulted in lower product formation at high residence times. Flow rates

lower than 10 µL· min−1 also were not considered, since they resulted in lengthy sample

collection times. The microfluidic chip with the 1-step immobilisation layer successfully

immobilised fresh TK in each cycle, and the TK showed almost unchanged catalytic

performance in converting HPA and GA to erythrulose, indicating no degradation to
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the immobilisation layer was occurring. Degradation of surface chemistry likely occurs

after consistent usage, however, in this work, long periods of storage and reusability

cycles were not analysed due to time constraints. Overall, the productivity levels close

to 100% were maintained over 3 cycles, although a reduction to 85% was observed in

the second reuse. It is not clear why this drop has occurred, but because the experiment

was carried out using one chip with no repeats, measurement error could have caused

this drop. Overall, it can be concluded that the immobilisation surface was stable and

the activity of TK was maintained to at least 85% over three TK-catalysed reactions

in 21 days.

2.3.6.2 Operational stability

Figure 2.22: Operational stability of Transketolase immobilised via
1-step immobilisation protocol in the device. The average operational
productivity of the TK immobilised in the device for the duration of the study was
around 70%. Continuous TK reaction was carried out in the PMMA microfluidic
device at 5 µL · min−1.

The operational stability of the TK immobilised in the microfluidic device through the

1-step immobilisation method was investigated under continuous flow over a 40 h time

at a flow rate of 5 µL · min−1. The reaction product was sampled after 1, 14 and 39
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h to measure the conversion of HPA and GA to ERY product. Whilst there was a

slight variation, the productivity of the TK microfluidic device decreased after 14 h,

on average staying within 70% level for the duration of the study as can be seen from

Figure 2.22. This is in line with previously reported values of operational stability of

TK immobilised packed-bed reactor, where productivity dropped to 76% after 48 h of

reaction time (Halim et al., 2013). However, it is noteworthy that flow rates used in

this study were 5 times higher than the flow rates used in the reported study (1 µL ·

min−1), which may explain the slightly lower (by 6%) productivity of immobilised TK

reaction.

2.4. Summary

In this study, the 1-step immobilisation of a His-tagged enzyme was investigated as a

fast and simple alternative to existing methods for immobilising enzymes in PMMA mi-

crofluidic devices. First, Transketolase enzyme production, protein quantification tech-

niques, and free enzyme activity characterisation were described. Next, the developed

1-step immobilisation method was compared to a more common 3-step immobilisation

of histidine-tagged enzymes in PMMA microchannels. The chemistries of the two immo-

bilisation techniques and corresponding surfaces modified through the methods were

compared. PMMA surfaces immobilised via 1-step and 3-step immobilisation meth-

ods were characterised using scanning electron microscopy and infrared spectroscopy

techniques. Flow analysis in produced microfluidic devices showed that the Reynolds

number varied between 0.20 and 2.67 indicating laminar flow in the channel, while the

Peclet number varied between 326 and 4250 indicating that the axial dispersion was

controlled by convection. Additionally, two immobilisation methods were compared

based on enzyme binding efficiencies produced by them in microfluidic devices. Mixing

time analysis showed that substrate reach to the enzymes active site could be limited

by diffusion time of molecules across the cross-section of the microchannel, which may

have affected product formation on-chip. TK binding efficiencies, specific activities

of the immobilised enzymes, and conversion yields in microfluidic devices, and other

major aspects of comparison of the two immobilisation methods are summarised in

Table 2.3.

As a result, the developed 1-step immobilisation was found to be more favourable

and could be used as an effective protocol. One of the potential advantages of the
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1-step method over other protocols is the much shorter preparation time. The number

of chemicals required for 1-step immobilisation is significantly less since this method

does not require a separate surface amination of PMMA as the 3-step immobilisation

protocol. As a result, the immobilisation cost may be reduced as well. Additionally,

the 1-step method requires fewer wash steps. The simplified 1-step protocol produced

approximately 10% lower enzyme binding efficiency than the 3-step immobilisation

method, however, yielded similar L-erythrulose conversions as a function of flow rate

with higher specific enzyme activity. The method could be applied to combine enzyme

purification with the immobilisation of His-tagged proteins from crude cell extracts.

The 1-step method presents a viable approach for the development of enzymatic mi-

crofluidic devices and could potentially be applied to combine enzyme purification with

immobilisation of His- tagged proteins from crude cell extracts. Potentially, the immo-

bilisation protocol could be applied for antibody purification and also the fabrication of

antibody arrays towards the development of cost-efficient immunosorbent assays.

Table 2.3: Comparison of key characteristics of the 1-step and 3-step
immobilisation of His-tagged transketolase in poly(methyl methacry-
late) PMMA microfluidic devices.

Characteristic
1-step immo-
bilisation

3-step immo-
bilisation

Preparation time 1 day 2-3 days
Number of chemicals required 3 7

Binding efficiency, (%) 15 26
Specific activity, (nmol · mg−1 · min−1) 124±13 88±11

Most importantly, as specific objectives set in section 2.1 have been achieved, knowledge

obtained during implementation of the set objectives can be translated to the next

chapters of this project.
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Chapter 3

Development of an

Electrochemical P450 Biosensor

for Drug Metabolism Studies

This research aimed to develop microfluidic platforms able to mimic phase I and phase

II drug metabolism. Model metabolic reactions are cytochrome P450 and glucuronosyl-

transferase - catalysed reactions. The main objective of this chapter was to focus on the

development of the first part of the system, a cytochrome P450 electrochemically-driven

enzymatic biosensor system, that can mimic phase I drug metabolism by electrochemi-

cally generating a phase I metabolite. Using the developed biosensor, the study aimed

to investigate and mimic conversion of an antimalarial drug artemether to its metabolite

dihydroartemisinin by a phase I cytochrome P450 enzyme, CYP2B6 (Figure 3.2).

3.1. Introduction

Cytochrome P450s (CYPs), a large family of heme-containing enzymes, play a major

role in phase I drug metabolism of living creatures. CYP activity affects drug clearance

in the body, because CYPs catalyse a range of reactions of drug molecules, allowing

subsequent phase II metabolism and excretion from the body.

However, CYPs also are major contributors to adverse drug reactions (Zhang and

Haswell, 2007). Harmful drug-drug or food-drug interactions are often caused by the
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Figure 3.1: Electrochemical P450 biosensor for drug metabolism stud-
ies

Figure 3.2: Model reaction catalysed by cytochrome P450 (CYP2B6)
enzyme. Chemical structure of artemether (left) and dihydroartemisinin (right)
are shown. An antimalarial drug artemether is considered to be a substrate
of cytochrome P450 type CYP2B6 enzyme, which converts artemether to its
metabolite dihydroartemisinin as a result of phase I metabolic reaction.
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interference of CYP metabolism via inhibition or induction of a specific type of P450.

Knowing the P450 substrate profile of a compound allows early elimination of the com-

pounds leading to these harmful interactions. Therefore, lead compounds are screened

as a potential substrate of one or many CYP enzymes, and the information derived

from CYP assays is of high importance in drug development.

The throughput achieved using conventional screening methods for CYP activity does

not match the throughput achieved in other steps of the drug development as com-

binatorial library generation and high-throughput bioactivity screening (Ansede and

Thakker, 2004; Schneider, 2011). LC/MS/MS analysis of CYP metabolites is a gold

standard in the industry for CYP activity screens, but with the disadvantage of low

throughput. An alternative higher throughput method is to use a competitive fluo-

rescence assay with fluorogenic substrates, where a fluorogenic substrate binds to the

enzyme. However, this approach is based on a competitive reaction and only yields indi-

rect measurements of CYP activity; it is not selective between substrates and inhibitors

(Trubetskoy et al., 2005).

Another limitation with the CYP assays lies in its catalytic cycle mechanism. Currently,

laboratory or industrial use of CYPs is hampered due to their cofactor dependency. A

CYP-catalysed reaction needs an electron-supply source (i.e. NADPH) to proceed

to completion. NADPH is expensive, decomposes over time due to hydrolysis and is

difficult to recover once it has been oxidized (Udit et al., 2005). Thus, using CYPs

with its natural catalytic cycle for high-throughput screening or organic synthesis is

complex.

An electrochemically-driven enzymatic system can be used to replace NADPH and can

act as an alternative method for CYP screening. Solid electrode supports serve as

electron donors, where electrons can transfer to CYP enzyme directly or through an

additional enzyme, cytochrome P450 reductase (CPR) (Bistolas et al., 2005; Fantuzzi

et al., 2004; Sadeghi et al., 2011; Krishnan, Wasalathanthri, Zhao, Schenkman and

Rusling, 2011).

CYP either in a pure form or in a bactosome (bacterial membranes containing the hu-

man cytochrome P450s coexpressed with human NADPH-cytochrome P450 reductase)

form can act as a biosensor if immobilised on an electrode (Figure 3.1). An increase in

the current upon application of potential can be correlated to the catalytic activity of
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the enzyme against a candidate substrate. A CYP biosensor could be useful in com-

plementing drug development as a method for initial screening of drug candidates for

reactivity with a specific P450 type. P450 biosensors could help to eliminate compounds

that lead to toxic drug metabolites when catalysed by CYPs early before candidate drug

proceeds into later pre-clinical and animal stages in drug development.

Many CYP biosensors have been reported since the late 1990s. Initial studies found that

immobilising enzymes on electrodes modified with protein-friendly materials prevents

denaturation of CYPs on the surface and aids better CYP electroactivity. Various

surface modifications (self-assembled monolayers (SAM) (Fantuzzi et al., 2004; Dodhia

et al., 2008; Ferrero et al., 2008; Mie et al., 2009), polymer membranes, conductive

polymers or surfactant films (Bistolas et al., 2005; Johnson et al., 2006; Nath et al.,

2007; Fleming et al., 2007; Udit et al., 2004) have widely been used on electrodes made

of various electrode materials (carbon, gold, metal oxide) to achieve a better electron

transfer for electrochemical CYP sensors.

However, many reported CYP biosensors are missing crucial metabolite formation data

and instead present only electrochemical experiments alone to prove the immobilised

CYP is capable to catalyse substrates electrochemically (Sadeghi et al., 2011). Several

studies investigating redox potential of CYPs immobilised on electrodes have shown

that the immobilised CYP becomes inactive, which calls into question the results from

some of the previous CYP biosensors (Todorovic et al., 2006; Udit et al., 2006).

The CYP biosensors that do demonstrate the detection of reaction products (in ad-

dition to the catalytic currents of the immobilised cytochrome P450) in the presence

of substrates have focused on widely used non-antimalarial drug compounds ((Krish-

nan, Wasalathanthri, Zhao, Schenkman and Rusling, 2011; Asturias-Arribas et al.,

2013; Huang et al., 2012; Krishnan, Schenkman and Rusling, 2011). Thus, none of

the previous biosensors have used antimalarial drugs as a substrate for developed

biosensors. Since malaria and its treatments are a global problem, we focus on in-

vestigating CYP metabolism of one of the most effective antimalarial drug compounds,

artemether.

In the research described in this chapter, the aim was to develop a P450 biosensor

for electrochemical-driven catalysis of artemether into its phase I metabolite, dihy-

droartemisinin. To approach the aim, several objectives will be pursued:

98



3.1. INTRODUCTION

1. Immobilising P450 enzyme type, CYP2B6, on a gold electrode and characterising

its electroactivity using bioelectrochemical techniques;

2. Conducting catalysis of artemether on the P450 biosensor and investigating en-

zymatic kinetic parameters based on an electrochemical response;

3. Investigation of a substrate depletion as a result of the P450-catalysed artemether

conversion on a biosensor surface using LC/MS.

.
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3.2. Materials and methods

3.2.1 Reagents and suppliers

Solid and liquid chemicals were purchased from the distributors shown in Table 3.1.

Table 3.1: Chemicals, solvents and reagents used in P450 biosensor
fabrication and experiments

Chemical Supplier
Acetone Sigma-Aldrich, UK

Acetonitrile Life Technologies, UK
Alamethicin Cambridge Bioscience, UK

Ammonium Formate Sigma-Aldrich, UK
Artemether Cambridge Bioscience, UK

Chloroform, HPLC Grade VWR International, UK
Cytochrome P450 (EZ041, EZ020) Tebu-Bio Ltd., UK

Dimethylsulfoxide (DMSO) Fisher Scientific UK
Dihydroartemisinin Cambridge Bioscience, UK

Ethyl Acetate Fisher Scientific, UK
Magnesium Chloride (MgCl2) Sigma-Aldrich, UK

Methanol Sigma-Aldrich, UK
7-Ethoxy-4-(trifluoromethyl)coumarin
(EFC)

Cambridge Bioscience, UK

7-Hydroxy-4-trifluoromethyl coumarin
(HFC)

VWR International, UK

NADPH Generon, UK
Phosphate buffered saline Sigma-Aldrich, UK

Pierce Water, LC/MS Grade Life Technologies, UK
Pierce Formic Acid, LC/MS Grade Life Technologies, UK

Poly(diallyldimethylammonium chlo-
ride) (PDDA)

Sigma-Aldrich, UK

Sulfuric acid Sigma-Aldrich, UK
Sodium chloride Sigma-Aldrich, UK

4-Trifluoromethylumbelliferyl-
glucuronic acid, potassium salt

Insight Biotechnology, UK

Toluene Sigma-Aldrich, UK

All chemicals were of analytical grade. CYP2B6BR EasyCYP Bactosomes (EZ020 and

EZ041) were produced by CYPEX, UK and purchased from Tebu-Bio LTD, UK. Cy-

tochrome P450 enzyme was aliquoted upon delivery into 20 µL working solutions in

small plastic tubes. Aliquots were stored in -80 ◦C and were taken out of the freezer

only before experiments and discarded if any left. Gold-coated screen-printed elec-
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trodes (SPE) (AT-200) were purchased from Methrohm, UK (manufacturer: DropSens,

Spain). All other chemicals or reagents used were of the highest available quality and

were from Sigma-Aldrich or Fisher Scientific unless stated otherwise.

Artemether and DHA working solutions (10, 25, 50, 100, 200, 500, 1000 and 2000 µM)

were prepared from the stock solution (2mM) from solubilising the drugs in methanol,

DMSO or acetonitrile (ACN). Before electrochemical experiments, these solutions were

further diluted in 50 mM potassium phosphate buffer, pH 7.4., and the final calibration

curves were obtained ranging from 1 to 200 µM solutions. Working solutions were pre-

pared in 1.5-mL plastic tubes, and 100 µL solubilising agent. The resulting mixture was

vortexed to confirm the full mixing by inspection. Due to very low solubility, working

solutions were diluted only before the experiment with appropriate buffers.

3.2.2 Screen-Printed Electrodes (SPEs) and enzyme im-

mobilisation

Initial experiments were conducted using screen-printed electrodes ItalSens is-C with

a three electrode configuration (carbon working electrode (CE)) with 3 mm diameter,

silver reference (RE) and carbon counter electrode (CE)) (University of Firenze, Italy).

The electrodes were gold sputtered using physical vapour deposition (PVD) 75 Kurt J

Lesker machine (power: 20%; tooling factor: 73; deposition rate (Å · s−1): 2.1; time: 4

min; thickness: 50 nm; density: 19.3 g·cm−3). Figure 3.3 shows carbon screen-printed

electrode before and after sputter coating their surface with gold.

Figure 3.3: Carbon screen-printed electrodes (SPE) before and after
gold sputter-coating.
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The majority of the work presented in this chapter was based on screen-printed elec-

trodes (AT-200) obtained from DropSens (Asturias, Spain). A three-electrode configu-

ration (Figure 3.4a) was composed of a gold working (4 mm diameter) electrode, a gold

counter electrode, and a silver reference electrode (Figure 3.4a). The dimensions of the

sensor were 3.4 cmtimes1.0 cm times 0.05 cm (length × width × height). Surfaces of

the gold electrodes were washed with PBS and air-dried before any modification. For

electrochemical measurements, a new electrode was used for each measurement from

the same batch.

(a) (b)

Figure 3.4: Unmodified screen-printed electrode (SPE) with three elec-
trodes configuration by DropSens. a) Schematics of the SPE; b) A top-view
photograph of the SPE.

The main immobilisation method for direct electrochemistry of P450 on gold SPEs

in this work was achieved through using poly (diallyldimethylammonium) (PDDA)

according to a method reported by Sadeghi et al. (2011). PDDA in a 1:1 mixture of

PDDA:protein (5 µM) (total volume 6 µL per electrode) was pipetted on gold DropSens

electrodes shown in Figure 3.4a. Electrodes were left overnight at 4 ◦C above a water

bath to prevent any evaporation and any possible denaturation of the enzyme during the

incubation time. The protein film was not dry after the overnight incubation and before

using, it was rinsed with 50 mM PBS buffer, pH 7.4. Immobilised SPEs were taken out

of the 4 ◦C fridge right before being used in electrochemical experiments.
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3.2.3 Surface characterisation of immobilised gold elec-

trodes

3.2.3.1 Surface roughness

The surface roughness of the gold-coated carbon SPEs prepared by sputter-coating was

evaluated electrochemically as described in Schneider (2011). An in-house prepared

gold-coated carbon SPE was subjected to electrochemical potential cycling to observe

the oxidation and reduction of the gold layer. The potential between - 0.5 and 1.2 V

at a scan rate of 50 mV·s−1 in 50 mM PBS solution was cycled to electrochemically

oxide and reduce the electrode. The charge density passed during the reduction of the

gold oxide layer was determined using Faraday’s law. The calculated charge density

(measured in µC·cm−2) was divided by the theoretical charge density of 420 µC·cm−2

for reduction of a gold oxide monolayer on a perfectly flat gold electrode (Vela et al.,

1990), leading to a roughness factor, Rf , for the gold electrode, which is a ratio between

the actual and geometric surface areas.

3.2.3.2 Scanning Electron Microscopy (SEM)

SEM imaging was carried out on the DropSens gold electrodes immobilised with P450

enzyme, CYP2B6. Unmodified and enzyme immobilised electrodes were prepared ac-

cording to the immobilisation method with PDDA. The electrode surfaces were dried

and mounted on 13 mm aluminum stubs using adhesive carbon discs. Samples were

sputter-coated with platinum (Cressington 108 Auto) for a 24-second coating cycle un-

der helium. A coating thickness of 0.4 nm was measured for this coating cycle. Coated

samples were mounted onto the stage and observed under vacuum conditions in FE-

SEM (Zeiss Gemini, Sigma) using InLens detector at 5 kV conditions with a working

distance of 6 mm and aperture size of 30 µm.

3.2.4 Electrochemical measurements

All electrochemical measurements (cyclic voltammetry and amperometry) were carried

out using a potentiostat (Palmsense.EIS, Alvatek, UK) and PSTrace analysis soft-

ware. Universal sensor connector served as an interface between the SPE and poten-

tiostat.

For electrode measurements carried out in a solution-phase, PBS, pH 7.4 was used
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as an electrolyte solution in 50 mL beaker. For anaerobic measurements, the buffer

was saturated with nitrogen for 15 min before measurement. For substrate catalysis

experiments, where effects of various concentrations of artemether on electrochemical

measurements were tested, the buffer was oxygenated for 15 min before each measure-

ment. For cyclic voltammetry (CV) experiments the potential range of - 0.9 to + 0.1

V (vs. Ag/AgCl) was chosen to include the range of the reduction peak of P450, which

was expected to occur at around - 0.4 V. The measurements were performed in 20 mM

potassium phosphate buffer, pH 7.4.

Amperometry measurements were generated using chronoamperometry mode in PSTrace

software. The potential was fixed at desired value ranging from - 0.350 V to - 0.550 V

and current measurements were taken for 40-60 min.

3.2.4.1 Electrochemical calculations

The reduction peak, corresponding to electron transfer to cytochrome P450 during

CV measurement in anaerobic conditions, was used for calculation of an electroactive

enzyme concentration according to the procedure from (Sadeghi et al., 2011). The

reduction peak was integrated using OriginPro software. The area calculated from the

reduction peak for each CV gave the amount of charge (Q) transferred on the reduction

of P450. The surface concentration of electroactive enzyme on the electrode was then

estimated by assuming one-electron transfer by using Faraday’s Law:

Q = nFaAΓ∗ (3.1)

where A is the effective surface area of the working electrode, Γ∗ - surface coverage of

P450, n - one-electron transfer, Fa - Faraday’s constant (96,485 C/mol).

Scan rate used during CV measurements was taken into account by dividing the cal-

culated Q by the corresponding scan rate. Amperometric measurements in a beaker

were carried out in a fully oxygenated, constantly stirred 50 mM potassium phosphate

buffer pH 7.4 from 40 min to 1 h. For catalysis experiments, various concentrations

of artemether were used and the reactions were conducted for 40 min at the defined

potential of - 450mV - 550 mV (vs. Ag/AgCl).
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3.2.5 Substrate and sample preparation

The model reaction used in this work is shown in Figure 3.2. The substrate artemether

(AM) was dissolved in methanol, and the final methanol concentration was adjusted

to 2% of the reaction volume. Aliquots of substrates were stored at -80 ◦C until

use. In solution-free electrochemical measurements, 50 µL PBS was pipetted onto

the electrode surface and 2 µL of substrate volume was added before a measurement

was taken. For measurements collected in the solution, the required concentration of

substrate was added into a 50 mL volume of PBS in a beaker and fully mixed for 2 min.

The buffer solution was saturated with oxygen for 15 min for aerobic measurements and

was saturated with nitrogen gas for anaerobic measurements. Aerobic electrochemical

measurements were obtained in a constantly stirred environment using a magnetic

stirrer.

Liquid-Liquid extraction was performed on all reaction samples before further analysis.

For liquid-liquid extraction, samples were mixed with ethyl acetate solution in a 1:1

ratio, vortexed and centrifuged at 10,000 rpm for 3 min. The supernatant was carefully

transferred into vials without disturbing the lower layer into the tubes.

3.2.6 Electrolysis sample treatment and LC/MS

The LC/MS method was adapted from Duthaler, 2010, originally developed for LC/MS/MS

system. All HPLC/MS analyses were performed on a ThermoFisher (Ultimate 3000

Quarternary RS System) and an MSQTM Plus Mass Spectrometer with electrospray

ionization. The high-performance liquid chromatography (HPLC) system (Ultimate

3000 Quarternary RS System, ThermoFisher, UK) consisted of a four-solvent channel

quarternary pump with integrated four-channel degasser (LPS-3400RS) and a Biocom-

patible Analytical autosampler (WPS-3000TBFC).

Chromatographic separation was performed at 25 ◦C using a 100 mm× 20 mm reversed-

phase chromolith C18 analytical column (Chromolith HighResolution RP-18e, Merck)

with a 2.1 mm × 10 mm 3µm guard cartridge (Chromolith HighResolution RP-18

endcapped, Merck).

The mobile phase consisted of a mixture of 5 mM ammonium formate plus 0.15% (v/v)

formic acid in Milli-Q water (mobile A) and 0.15% (v/v) formic acid in acetonitrile

(mobile B). The following stepwise gradient elution program was used: 0-1 min, B 2%;
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1-10 min, B 2-45%; 10-13 min, B 45-50%; 13-15 min, B 50-95%; 15-20 min, B 95%;

20-21 min, B 95-2%; 21-23 min, B 2%. Carryover was managed by adding a wash cycle

(95% mobile B for 5 min) at the end of each run. The flow rate of the mobile phases

was set at 0.6 ml/min. Conditioning of the column was performed after a prolonged

standby time of the instrument.

The HPLC system was coupled to an MSQTM Plus Mass Spectrometer (ThermoFisher,

UK) equipped with an electron spray ionization, operated in positive ionisation mode.

The cone voltage was set to 50 V and source temperature to 300 V. All samples were

analysed in full scan mode. Instrumentation control and data analyses were performed

with Chromeleon software and Microsoft Excel 2010. DHA was detected with mass

(m/z) 267.4, 302.

3.3. Results and discussion

3.3.1 Surface investigation

Initial experiments employed sputter-coated carbon electrodes due to precedence in

the literature of using gold-coated electrodes, since metal-coated electrodes have shown

better electron transfer than bare carbon-coated electrodes. Gold nanoparticles on the

surface of an electrode play the role of an ensemble of nanoelectrodes, facilitating elec-

tron transport from the electrode to the heme of cytochrome P450. This leads to an

increase in the electrochemical response of the system, which is known from the litera-

ture on examples of various proteins and nucleic acids (Riley, 2002; Penn et al., 2003;

Cheng et al., 2005). The first gold-coated biosensor of the same subfamily of P450 as

the enzyme used in this work was reported by Shumyantseva et al. (2007) for CYP2B4

enzyme. The authors first successfully observed direct electron transfer without me-

diators between screen-printed graphite electrodes modified with gold nanoparticles

stabilised with synthetic surface-active substance diodecyldimethylammonium bromide

(DDAB) and CYP2B4.

In this work, initially, gold-coated electrodes were obtained by sputter coating of car-

bon electrodes in-house, due to commercial availability, and disposability of carbon

screen-printed electrodes. Additionally, there is a precedent in the literature for us-

ing roughened gold electrodes for making CYP biosensors. For example, a previously

reported CYP3A4 electrode made from a rough gold electrode, fabricated via sputter-
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coating exhibited enhanced electron transfer when compared to flat gold electrodes

(Mie et al., 2010). Later a follow-up study by the same research group described the

creation of gold ”nanodome arrays” which even more enhanced the electroactivity of

immobilised CYP (Ikegami et al., 2011).

Figure 3.5: Cyclic voltammetry scan obtained from from a gold-
sputtered carbon screen-printed electrode in 0.1 M PBS buffer at a
scan rate of 50 mV·s−1. The CV scan of the electrode exhibits characteristic
anodic peak at approximately 1 V for formation of a gold oxide monolayer and
cathodic peak at approximately 0.5 V for reduction of the gold oxide monolayer.

Thus, carbon screen-printed electrodes were gold sputter-coated in-house and their

surface roughness of a gold layer sputtered on carbon screen-printed electrodes was

evaluated electrochemically. A gold electrode was subjected to electrochemical potential

cycling from -0.6 to 1 V in 50 mM PBS buffer at a scan rate of 50 mV·s−1 to observe

the oxidation and reduction of the gold layer. Figure 3.5 shows a CV scan obtained

from electrochemical potential cycling of the gold electrode. The scan is similar to

voltammograms published in the literature for the reduction of polycrystalline gold

electrodes (Vela et al., 1990). The CV scan contains anodic peaks at approximately

1.0 V for the formation of a gold oxide monolayer and cathodic peak at approximately
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0.5 V for reduction of the gold oxide monolayer.

The roughness factor, Rf , of the gold electrode, or the ratio between the actual area

and geometric area, can be calculated by comparing the charge density passed upon

reduction of the gold oxide layer to the theoretical value (420 C/cm2) for a perfectly flat

gold oxide monolayer. After subtracting the baseline current, integrating the area of the

reduction peak in Figure 3.5 gave a charge density of 829 C/cm2. The area integrated

under the curve was 2.93 C, dividing this by scan rate used (50 mV·s−1), the charge

Q was calculated (58.6 C). A ratio of the charge to a geometric area of the working

electrode (0.071 cm2), charge density, was determined. Dividing the determined charge

density by 420 C/cm2 gives an Rf value of 2.0, meaning the actual surface area of the

gold working electrode is twice that of the geometric surface area. This is a reasonable

number considering that gold sputtering may have coated the surface with a multilayer

of gold particles. However, this method introduces uncertainties due to contributions

from other faradaic processes and double-layer charging.

Additionally, further investigations of the CV scans obtained from in-house sputtered

gold electrodes showed that electrodes give non-uniform response due to fabrication dif-

ference by batch. Moreover, due to the time-consuming nature of the sputter-coating

process and risk of obtaining inconsistent biosensor responses due to the thickness

of a gold layer, electrodes were substituted by commercially available gold-coated

DropSens electrodes. To immobilise P450 enzyme, poly(diallyldimethylammonium

chloride) (PDDA), was used.

PDDA is a positively charged polyelectrolyte (Huang et al., 2012), while the human

P450s have a net positive charge (Krishnan, Wasalathanthri, Zhao, Schenkman and

Rusling, 2011; Krishnan et al., 2009; Schenkman et al., 2001). The cyclic structure

and the high pKa of the quaternary ammonium group of PDDA keep it positively

charged over a wide pH range and unable to form H-bonds with the protein matrix

(Sadeghi et al., 2011). PDDA showed a positive influence on the performance and

stabilisation of P450 on gold modified electrodes (Fantuzzi et al., 2004; Sadeghi et al.,

2011; Dodhia et al., 2008). To investigate P450 immobilisation using PDDA on the

electrode surface, scanning electron microscopy was carried out. SEM imaging was

carried out to visualise the area PDDA: enzyme mix placed on a working electrode and

the level of homogeneity of PDDA: protein on an electrode. Figure 3.6a shows an SEM

image of the border of PDDA: P450 immobilised on a working electrode. It is difficult to
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distinguish P450 molecules in the uniform surfactant film layer. However, SEM images

revealed that while perfect coverage of the working electrode is not generally achieved,

PDDA: enzyme mix covers most of the working electrode surface. Figure 3.6a shows a

zoomed image indicated in the red square in Figure 3.6a of the coated working electrode

border. A light layer corresponds to the not covered area of a working electrode as

shown in Figure 3.6b.

3.3.2 Direct electron transfer on CYP2B6 biosensors

Anaerobic and aerobic cyclic voltammetry in 50 mM PBS (pH 7.4) was conducted

on P450/PDDA gold electrodes to assess whether direct electron transfer was occur-

ring from the electrode to the immobilised CYP2B6 (2B6) and whether electrodes can

be used to drive the catalysis of the antimalarial drug compound, artemether. The

anaerobic CVs were taken in an oxygen-free glovebox and nitrogen-purged electrolyte

solution. The aerobic CVs were taken in the atmosphere on the bench-top. Aerobic

experiments on 2B6 2B6 electrodes in the presence of artemether were conducted in an

oxygen-purged electrolyte solution. In the absence of oxygen (Figure 3.7) the CYP can

be reversibly reduced and oxidised without entering the catalytic cycle (Shumyantseva,

Bistolas, 2005). Previously obtained aerobic CVs of an electroactive CYP from the

same subfamily of P450 as in this work exhibit an increase in reduction peak current

and absence of oxygen peaks due to binding of reduced heme to oxygen resulting in

a second electron transfer. In aerobic conditions, the oxidised heme is regenerated

non-electrochemically by a peroxide-shunt pathway (Urlacher, 2006), which releases

oxygen radicals and peroxide; and this leads to the reduction or the disappearance of

an oxidation peak on a CV. Aerobic CVs in the presence of a substrate typically show

an increase of a reduction peak since the enzyme catalyses substrate and consumes

electrons. These features were used to characterise the 2B6 electrodes.

Figure 3.9 shows anaerobic CV taken in a glovebox at a scan rate of 50 mV·s−1 of the

2B6 gold electrodes immobilised via PDDA layer. CVs for the non-modified electrodes

are included in the plot for comparison. As seen in the figure, a clear cathodic peak (at

approximately -0.15 V) is visible in the CV for 2B6 immobilised via PDDA. No visible

peak on the control electrode was observed. While the shape of the CV scan seems
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(a)

(b)

Figure 3.6: Scanning Electron Microscopy images of P450 working
electrode. (a) Working electrode coated with PDDA:P450 mix reveals a uni-
form layer of the surfactant layer with not visible enzyme molecules. Red square
corresponds to the zoomed area presented in b; (b) Zoomed image of the border
of working electrode coated with PDDA:P450 mix shows a better look on the
homogenous film covering the working electrode surface.
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Metal nanoparticles (gold, silver, and palladium) are
used in bioelectrochemistry to provide effective electron
transport between electrode and biopolymers (proteins,
and nucleic acids) [42–47].

Colloidal solution of gold nanoparticles protected with
synthetic lipid DDAB was obtained by the reduction of
hydrogen tetracloroaurate HAuCl4 Æ 3H2O in the presence
of 0.1 M DDAB. This kind of nanomaterial serves as a
suitable and stable matrix for protein incorporation onto
the electrode surface. Earlier we used gold nanoparticles,
stabilized by alkanthioles, for electrochemical reduction
of P450scc (CYP11A1) [48]. Gold nanoparticles, stabilized
by DDAB – a synthetic membrane-like substance of
polycathionic nature – efficiently catalized direct electron
transfer between electrode and P450 2B4. Cyclic voltam-
morgrams of DDAB/P450 2B4 and DDAB/Au/P450 2B4
electrodes in aerobic (Fig. 3a) and DDAB/Au/P450 2B4
electrode in anaerobic (Fig. 3b) conditions are presented.
In anaerobic conditions the reduction peak is more
pronounced than the aerobic one-apparently due to the

residual amounts of oxygen (Fig. 3b). Comparative cyclic
voltammograms of DDAB/P450 2B4 and DDAB/Au/
P450 2B4 electrodes (Fig. 3a) show amplification of the
system’s amperometric response with gold nanoparticles
as electrochemical transducers. In the presence of oxygen
in aerobic conditions the reduction peak increases and
the oxidation one completely disappears. These experi-
ments demonstrate the electro catalytic activity of P450
2B4 relative to oxygen, since the reduced form of P450
(ferrocytochrome Fe2+) binds oxygen with a higher rate
(k > 106 M!1 s!1) [2,3].

Cyclic voltammograms of DDAB/Au/P450 2B4 and
DDAB/Au/P450 1A2 electrodes in aerobic conditions
show reduction peaks in the characteristic area of hemo-
proteins Epc(P450 1A2) = !437 mV, Epc (P450 2B4) =
!393 mV. According to SWV data, the P450 1A2 redox
potential E1/2 = !382 mV (vs. Ag/AgCl), with DE =
20 mV; by DPV data, E1/2 = !370 mV. It should be noted
that redox potential values for P450 2B4 and 1A2 cyto-
chromes correspond to the earlier published values of cyto-
chrome P450’s potentials, obtained by different methods:
cyclic voltammetry [38,48,49] or potentiometric titration
[40].

Thus gold nanoparticles, stabilized by synthetic mem-
brane-like DDAB, provide efficient electron transport
between graphite electrode and cytochrome P450. Syn-
thetic lipid membrane with colloidal gold provides fixation
of enzyme on graphite screen-printed electrode. DDAB/
Au/P450 2B4 and DDAB/Au/P450 1A2 electrodes have
stable electrochemical parameters that allow usage of
chemically modified electrodes as transducers in P450-bio-
sensor construction.

Cytochrome c is a classic object of electrochemical
investigations. We prepared a bienzyme, DDAB/Au/P450
2B4/cytochrome c electrode, with cytochrome c as an inter-
nal electrochemical standard. Redox potential of cyto-
chrome c was E1/2 = +51 mV (vs. Ag/AgCl), with DE =
90 mV and with the same values in anaerobic and aerobic
buffers. As for P450 2B4, in the presence of oxygen the
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Fig. 2b. Oxidation and reduction DPV of a screen-printed DDAB/P450
2B4 electrode in argon-saturated 100 mM potassium phosphate buffer,
containing 50 mM NaCl, pH 7.4 buffer. Electrolyte volume is 1 ml.
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Fig. 3a. Cyclic voltammograms of a screen-printed DDAB/Au/P450 2B4
electrode (1) and DDAB/P450 2B4 electrode (2) in aerobic buffer, at the
scan rate 50 mV/s. Electrolyte volume is 1 ml 100 mM potassium
phosphate buffer, containing 50 mM NaCl, pH 7.4.
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Fig. 3b. Cyclic voltammograms of a screen-printed DDAB/Au/P450 2B4
electrode in anaerobic argon-saturated buffer, at the scan rate 50 mV/s.
Electrolyte volume is 1 ml 100 mM potassium phosphate buffer, contain-
ing 50 mM NaCl, pH 7.4.
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Figure 3.7: Representative anaerobic CV of CYP2B4 Immobilised on
a gold screen-printed electrodes modified via a surfactant layer. The
anerobic CV scan of an electroactive CYP2B4 enzyme immobilised on a screen-
printed graphite electrode modified with a membrane-like synthetic surfactant
diodecyl-dimethylammonium bromide (DDAB) shows a pronounced reduction
and a slight oxidation peaks. Electrolyte volume is 1 mL 100 mM potassium
phosphate buffer, containing 50 mM NaCl, pH 7.4. Figure reproduced with per-
mission from (Shumyantseva, 2007).

consistent with earlier reported CV features for similar type of CYP biosensors, the

reduction peak potential is shifted towards more positive value being at approximately

-0.2 V. Peng et al., reported a potential of -0.4 V for the cathodic peak for 2B6 enzyme

immobilised on electrodes modified with zirconium dioxide nanoparticles and platinum

components. Similarly, Shumyantseva et al. reported -0.43 V for CYP2B4 incorporated

on glassy carbon electrodes. In general, the shift of reduction peak potential can be

observed when the interaction of CYP with either the nanoparticles or the surface of

the electrode causes slight alteration to heme environment, and as a result of protein-

lipid interactions and/or possible lipid-dependence electrical double layer effect onto

electrode potential (Bard, 1980). Therefore, the observed shift of reduction potential

could be caused by the experimental setup in the glovebox. Air is trapped in a glovebox

during electrode insertion and about 20 min need to pass before the oxygen levels go

down to 0% and CV scans can be taken, which sometimes can lead to the electrolyte

drying out. Thus, although Figure 3.9 is representative of the scans obtained in the

literature, and seems to indicate an electroactive CYP 2B6 behaviour, it is not entirely

clear whether the occurring reduction process is enzyme-related or instead is related

to the electrode surface monolayer processes occurring due to the glovebox anaerobic

environment.
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Figure 3.8: Representative anaerobic and aerobic CVs of CYP2B4 im-
mobilised on a gold screen-printed electrodes modified with a surfac-
tant layer. Comparison of CV scans of an electroactive CYP2B4 enzyme immo-
bilised on a screen-printed graphite electrode modified with gold and a membrane-
like synthetic surfactant didodecyldimethylammonium bromide (DDAB) in the
absence and presence of oxygen. Aerobic CV scans (2 - aerobic buffer, 1 min) and
(3 - aerobic buffer, 20 min) show increasing reduction peak in comparison with the
anaerobic CV scan (1 - argon), indicating that reduced P450 is sensitive to oxy-
gen. Electrolyte volume is 1 mL 100 mM potassium phosphate buffer, containing
50 mM NaCl, pH 7.4. Figure reproduced with permission from (Shumyantseva,
2007).

Figure 3.10 shows a comparison of CVs generated by the enzyme-immobilised electrodes

in an anaerobic and aerobic buffer. A larger cathodic peak area at - 0.4 V can be

seen in the aerobic CV for 2B6 electrode in the presence of 8 µM artemether. The

reduction peak at - 0.4 V for the 2B6 electrode without artemether was not observed.

As expected, reduction peak significantly increased in the presence of the substrate.

The data looks similar to the CVs obtained for CYP 2B4 biosensor, a protein from the

same subfamily of 2B6 (Shumyatnseva, 2007). In summary, the investigation of aerobic

and anaerobic CV scans suggests that 2B6 is indeed electroactive and is capable of

electrochemically-driven catalysis.

3.3.3 Cyclic voltammetry on CYP2B6 immobilised elec-

trodes

To understand the nature of processes occurring on the surface of an electrode and esti-

mate the surface concentration of an electroactive enzyme on the surface, the change of
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Figure 3.9: Direct electrochemistry of CYP2B6 on gold electrode.
Anaerobic cyclic voltammogram of CYP 2B6 immobilised on PDDA modified
gold electrodes taken in a glovebox. Scan rate 50 mV·s−1 in 50 mM PBS buffer,
pH 7.4. at room temperature. The dashed line is the background cyclic voltam-
mogram of buffer in the absence of any protein (50 mV·s−1 scan rate). Solid line
is immobilised 2B6 on an electrode.

reduction peak current under various scan rates was investigated. Scan rate investiga-

tion showed that electrochemical processes occurring on the CYP 2B6 biosensor occur

on the surface of an electrode; i.e. the biosensor registers the electrochemical processes

that take place on immobilised hemeprotein rather than in the solution surrounding

it. Figure 3.11a shows CVs obtained at scan rates from 0.025 V·s−1 to 1.1 V·s−1 used

for electrodes immobilised with 2B6 through PDDA thin films. The results indicated

quasi-reversible kinetics, as reduction peak slightly shifted to a more negative value (up

to - 0.45 V) as the scan rate increased.

The transport mode of electroactive material towards the electrode surface was de-

termined by plotting peak current Ip versus scan rate. When a cyclic voltammetric

experiment is carried out with a redox-active compound, the processes on the surface

of an electrode should not be diffusion controlled and peak current should be directly

proportional to the scan rate. Figure 3.11b shows the dependence of peak current, Ip,

on the scan rate. As expected, peak current was linear as dependence on scan rate

and not the square root of scan rate, which confirms that the nature of the reaction is
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(a)

(b)

Figure 3.10: CV Scans of 2B6 Gold-coated Electrode Modified with
PDDA Taken in Anaerobic Buffer, Aerobic Buffer, and Aerobic Buffer
containing 8 µM Artemether substrate. CV scans of (A) 2B6 electrode
obtained in nitrogen-purged electrolyte solution with the control scan of an elec-
trode with no protein; (B) 2B6 electrode obtained in oxygen-saturated solution
with 0 and 8 µM artemether concentrations. CV scans were taken at a scan rate
of 50 mV·s−1 in 50 mM PBS buffer, pH 7.4. at room temperature.
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(a)

(b)

Figure 3.11: Scan rate investigations. (A) Anaerobic cyclic voltammogram
of CYP 2B6 immobilised on PDDA modified gold electrodes from 0.02 V·s−1 to
1.1 V·s−1 scan rates. (B) Linear relationship of cathodic and anodic peak currents
on scan rates.
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surface-based and that the electron exchange happens only on the surface of the elec-

trode (Sadeghi et al., 2011). Almost perfectly linear dependence (R2 = 0.992 and 0.995)

Figure 3.11b of peak currents for the scan rates up to 1.1 V·s−1, thus, is consistent with

a surface-confined reaction (Sadeghi et al., 2012). With a detailed inspection, however,

one can see that the reduction peak very slightly moves towards more negative values

(for about 100 mV) at higher scan rates. This slight shift may be an indicator that

there is still some diffusional process present on the surface of an electrode. However,

since the shift is very small and the peak current dependence on the scan rate is linear,

the diffusional processes can be assumed negligible in comparison with surface-based

electrochemical processes.

3.3.4 Surface concentration investigation

For redox-active molecules immobilised on an electrode surface, the peak current (Ip)

is proportional to the number of redox-active sites (N) and the number of electrons

transferred (n). By using cyclic voltammetry curve obtained in anaerobic conditions

off P450 immobilised electrodes, the reduction peak of the P450 enzyme can be eval-

uated. By integrating this reduction peak, electroactive enzyme concentration was

determined.

By integrating reduction peaks obtained from anaerobic experiments under various scan

rates, the amount of charge (Q) transferred upon reduction of P450 2B6 was determined

for each cyclic voltammogram. The surface concentration of electroactive enzyme on

the electrode was then estimated by assuming one-electron transfer by using Faraday’s

Law accounted for scan rates used.

Γm =
Qm

nFaA
(3.2)

where Qm is the charge passed upon reduction of the 2B6, n is the number of electrons

transferred per mole of reactant (in this case n=1, as one electron is transferred when

P450 is reduced), F is Faraday’s constant (96485.3 C · mole−1·e−1) and A is the elec-

trode area. Table 3.2 shows the concentration of electroactive enzyme calculated for

corresponding scan rates. Using Equation 3.2 and integration of the anodic peak of

the 2B6, the average surface coverage (Γ) of the enzyme was calculated to be (7.27 ±

2.43)*1014 molecules·cm2.
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Table 3.2: Average electroactive enzyme concentration study. Number
of electroactive enzyme immobilised on PDDA/gold screen-printed electrodes,
determined from reduction peak current Ip measured at - 400mV for different
scan rate values

Scan Rate,
V·s−1

Current, Ip,
µA

Concentration,
10−9 mol·cm2

Number of
molecules, 1014

molecules·cm2

0.025 -0.23968 0.313895 1.89
0.15 -10.71076 1.240411 7.47
0.2 -16.34445 1.607603 9.68
0.3 -24.9632 1.020985 6.15
0.4 -42.21955 1.193557 7.19
0.8 -97.435 1.388437 8.36
1 -118.039 1.468355 8.84

1.1 -127.588 1.424725 8.58

Previously studied same subfamily CYP enzyme (CYP 2B4) was used in a purified

form. The difference in this work, CYP2B6 enzyme was used in bactosome form due

to its wide availability in the market and its higher stability. Bactosomes contain

additional reductase enzyme (CPR) which acts as a mediator of electron transfer to

the heme.

The surface concentration of electroactive enzyme on the electrode was then esti-

mated by assuming one-electron transfer by using Faraday’s Law accounted with scan

rates used. Table 3.3 shows the concentration of electroactive enzyme calculated for

each scan rate. The average concentration of electroactive enzyme was found to be

(7.27±2.43)1014 molecules per cm2. Sizes of a similar recombinant cytochrome P450

enzyme, of the CYP 3A4, is about 4 nm (Yano et al., 2004), while CPR molecular

diameter is approximately 6 nm (Müller, 2014). With the geometric electrode area

of 0.13 cm2, a theoretical coverage was found to be 7.9·1013 molecules per electrode.

From electrochemical data, an average number of molecules per electrode was found

to be 9.5·1013, which is in a very good agreement with theoretical coverage of enzymes

determined in the work. Sadeghi et al. observed that electrochemically calculated

coverage of electroactive enzyme exceeded theoretical value by several folds. Based on

electrochemical data, no multilayer of the enzyme seems to be present. However, redox

enzyme orientation and placement on a gold electrode surface are difficult to predict.

Therefore, this result needs to be investigated by surface analysis to understand how

the enzyme is placed and oriented, which changes in each experiment.
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Table 3.3: Comparison of enzymatic surface concentrations

Experimental Theoretical

Molecules per cm2 (7.27±2.43)1014

Molecules per electrode 9.5·1013 7.9·1013

3.3.5 Substrate metabolism using P450 biosensor

Once electrochemical characteristic and direct electron transfer between CYP2B6 and

the electrode were confirmed, this study investigated mimicry of CYP2B6 catalytic ac-

tivity using the model drug artemether. Oxygen is required in CYP-catalysed monooxy-

genase activity to form the active CYP-heme oxidant, which then transfers the reactive

oxygen to oxidise a bound substrate (de Montellano and De Voss, 2005, Guengerich et

al., 2009, Walgama et al., 2015).

In the presence of dissolved oxygen and substrate, the previously noted reduction of

the peak area is expected to increase and the peak current should be proportional to

the number of substrate molecules. Figure 3.12a shows the CV scans obtained from

the CYP2B6 immobilised on PDDA-Au electrodes in the presence of different con-

centrations of artemether. As can be seen from the figure, upon addition of various

concentrations of substrate, catalytic current increases, suggesting a typical electrocat-

alytic oxygen reduction process based on fast binding of oxygen to the reduced ferrous

cytochrome P450 (Imaoka et al., 1996). This is consistent with previously reported

P450 biosensors showing the increase of electrocatalytic current (Shumyantseva et al.,

1999, Guengerich, 2001b).

Additionally, the anodic peak, corresponding to CYP2B6 reduction, shifted to more

negative potential values as the concentration of substrate increased. For oxygen to

bind CYPs, the Fe(III)-heme of CYP needs to be reduced first to the Fe(II)-heme-

CYP form (a one e− reduction). It is known that for P450s in solution, the redox

potential is different than for immobilised enzyme on electrodes (Yang et al., 2009).

Similar observations were made by Yang et al., who obtained similar anodic potential

shift for CYP2C9 enzymes immobilised on gold self-assembled monolayers (Yang et al.,

2009).

In general, the redox potential shifts anodically when the P450 is immobilised. Here, for

low concentration of artemether, the reduction peak was observed at -400 mV, and, as
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(a)

(b)

Figure 3.12: Cyclic voltammetry curves corresponding to various sub-
strate concentrations. (a) Cyclic voltammograms of CYP2B6 immobilised
electrodes in the presence of concentrations ranging from 20 to 240 µM of
artemether in oxygenated buffer. Each curve represents an average value of 3
scans. (b) Extraction of kinetic parameters from Michaelis-Menten curve corre-
sponding to artemether demethylation reaction catalysed by cytochrome CYP2B6
enzyme. Lineweaver-Burk fitting method was used in order to find km value de-
scribing affinity of substrate (artemether) to enzyme molecules. Determined km

value was 22.8 µM.
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the concentration of artemether increases, reduction peak potential shifted to potential

values of -500 mV. The observed redox potential is more similar to P450s in solution

than in immobilised form. It could be due to change of interaction of P450 on the

surface of the electrode in a different condition causing CYP2B6 to behave as though

it was free in solution. Taking into account the immobilisation strategy used in the

work, it is not surprising, since the enzyme is placed into a surfactant film that may

not hold the enzyme in the correct orientation and upon application of higher voltages,

enzyme orientation can be changed causing the observed shift. However, to make the

full confirmation of this hypothesis, accurate atomic force microscopy measurements of

enzyme orientation would need to be conducted.

The catalytic response of the CYP2B6 biosensor and kinetic parameters of the catalysis

were investigated. Values of reduction peak currents were plotted against artemether

concentration corresponding to each curve Figure 3.13 and Figure 3.14b were obtained.

Figure 3.12a shows that the peak current increases with artemether concentration, in-

dicating good electrocatalytic activity of the immobilised CYP2B6. Using a Michaelis-

Menten equation fitting technique by the Lineweaver-Burke method, Figure 3.14b, the

calculated Kmapp for artemether metabolism by CYP2B6 enzyme was found to be 22.8

µM. The value is in line with those earlier reported, as km for recombinant CYP2B6

metabolism of artemether obtained from the reaction in the solution containing NADPH

was 22.16 µM (Ericsson et al., 2012). The apparent Michaelis-Menten constant km

cannot be used as a stand-alone value to evaluate the biosensor as an alternative to

conventional CYP assays. Additionally, more experiments need to be carried out to

confirm the accuracy of km value obtained in this work. However, based on this par-

ticular study, the results obtained from the electrochemical catalysis experiment seems

to suggest that 2B6 biosensor has a potential to be used as a tool for predicting ki-

netic parameters of the P450 without the need for NADPH and expensive cofactors

required in a typical P450 catalytic cycle. More studies need to be repeated with other

types of P450s across different substrate compounds to investigate the versatility of

the biosensor for use in drug development. Additionally, varying fabrication method

of P450 biosensor by changing the amount of the enzyme used and by changing the

surfactant film used for immobilising the enzyme can be additional aspects to take into

account for a full characterisation of the biosensor.
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Figure 3.13: Electrochemical response of 2B6 biosensor to 25, 50, 100,
140, 180 and 240 µM concentrations of artemether. The data are the peak
current values obtained from cyclic voltammograms as a function of artemether
concentration.

3.3.6 Chronoamperometry with the substrate catalysis

To confirm whether or not the 2B6 biosensor can drive the 2B6 catalysis of substrate

fully to produce a metabolite, electrolysis experiments with the 2B6 electrode and

artemether were conducted in the aerobic buffer for 1 h. Electrolysis was achieved

through chronoamperometry technique, when the constant potential is applied and the

resulting current is generated, which can also serve to monitor successful electrolysis.

In theory, due to diffusional processes on an electrode surface after a certain time

enzyme should be reduced and go through catalytic cycle resulting in the production

of a metabolite. In other words, there would be a lag time in electron transfer from the

surface of an electrode to the enzyme heme due to diffusional layers on the surface. The

current-time response obtained by chronoamperometry of a typical planar electrode is
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described by the following Cottrell equation:

i =
n · F ·A ·D1/2 · C

π1/2 · t1/2
(3.3)

The current on the surface of an electrode is dependent on a diffusion layer, the zone

near the electrode where concentrations differ from those of the bulk. The effect of

depleting the electroactive species near the surface leads to an inverse t1/2 function,

being a mark of diffusive control over the rate of electrolysis (Bard, 2001).

Figure 3.14a shows current responses of the P450 biosensor to various potentials and

all of the curves show current decay. This current decay is a well-described behaviour

in electrochemistry that is indicative of chronoamperometry of a redox species in an

unstirred solution (Bard, 2001). Various potentials around the reduction potential of

the P450 were applied in chronoamperometry and current responses were recorded.

Current responses of the 2B6 biosensor obtained at constant potentials -350 mV and -

450 mV over an hour from different electrodes gave quite similar profiles (Figure 3.14a).

Relatively stable current behaviour was observed for the first 10 min across all elec-

trodes, with a current decrease afterward. However, as the applied potentials are at

-500 mV and -600 mV values (Figure 3.15B, B and C curves), a slight hump in current

can be observed. It is not clear why it happens, but the behavior can be caused by

diffusional and electrokinetic equilibrium processes occurring on the surfaces at high

potentials. Typically, at distances much smaller than the diffusional layer the electrode

process is powerfully dominant. We assume that at potentials - 500 mV and - 600

mV, the potential is so high that there is not enough time for electroactive species

to reduce and some time delay occurs. Overall, from a comparison of electrolysis at

various potential values, electrolysis at - 500mV (curve C) gives the highest current,

which suggests that at this potential there is the highest flux of electroactive species

diffusing across the electrode surface and potentially it could be the optimal potential

for electrochemical generation of the artemether metabolite.

Electrolysis samples at potentials of -400 mV, -500 mV and -600 mV (A, C and B

on Figure 3.14b, respectively) obtained in the same set of experiments were analysed

further. At the end of the electrolysis, approximately 100 µL samples of electrolytes

were extracted for LC/MS analysis to test for the artemether depletion. Optimisation

of the LC/MS method has constantly been carried out in the study. For generating
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(a)

(b)

Figure 3.14: Chronoamperometric responses of CYP2B6 electrodes at
various potentials. a) Amperometry curves obtained at -350 and -450 mV
potential show similar behaviours. Slopes of decay increase after the first 10 min
of applying voltage. b) Amperometry curves obtained at -350, -400, -450, -500
and - 600 mV potentials. Electrolysis samples corresponding to curves A, B and
C were analysed for the substrate depletion and shown in Figure 3.15.

123



3.3. RESULTS AND DISCUSSION

Figure 3.15: Artemether peak areas as an indication of substrate de-
pletion. Artemether peak areas were calculated from LC/MS chromatograms
for sample collected from electrolysis studies (n=1).

the most amount of product on biosensor surface, samples of electrolysis at various

suitable potentials were analysed. The presence of artemether was analysed by Se-

lective Ion Monitoring at m/z of 267, corresponding to artemether main fragment.

Figure 3.15 shows artemether peak areas calculated from LC/MS chromatograms for

samples without AM, samples before and after electrolysis. Sample of electrolysis from

-500 mV potential gave the lowest amount of AM, which means the AM was disap-

pearing, potentially by turning into its phase I metabolite DHA. However, to confirm

this LC/MS investigation of electrolysis samples need to be carried out. From the

literature, it is common that potentials more negative than P450 reduction potential

are typically used for electrolysis. At higher potentials, reduced species have time to

diffuse away from the surface of an electrode allowing new substrate molecules to re-

place them. In summary, based on the described current-time responses and relative

comparison of substrate depletion experiments, a potential of -500 mV was chosen for

electrochemically generating possible artemether metabolites for further studies.

124



3.4. SUMMARY

3.4. Summary

The study developed an alternative way for phase I metabolism mimicry by develop-

ing CYP 2B6 biosensor based on an antimalarial drug artemether. CYP 2B6 immo-

bilised gold screen-printed electrodes were successfully developed via use of polymer

PDDA. Electrochemical techniques such as cyclic voltammetry showed that enzyme

direct electrochemistry was occurring and revealed electroactive enzyme concentra-

tion values. Based on direct electrochemistry, imaging experiments and comparison

with literature values for a similar enzyme type, electroactive nature of immobilised

enzymes can be concluded. Comparison of cyclic voltammetry taken from 2B6 elec-

trodes in the presence and absence of oxygen revealed that 2B6 enzyme biosensors

are responsive to AM and electrochemical catalysis of AM is possible on the surface

of a biosensor. Using electrochemical techniques and analyses, kinetic parameters of

2B6-artemether catalysis (km of 22.8 µM) were obtained, which may allow compar-

ing this model system with monooxygenase reactions ran in the presence of NADPH.

However, since there is no equivalent of running artemether reaction without NADPH

using the electrochemically-driven enzymatic system in literature, it may be difficult

to draw parallels between reported work. Amperometry techniques have revealed vari-

ous current-time dependencies based on an applied potential. A surface diffusion layer

seems to be negligent based on the shapes of current-time curves. LC/MS methods for

the analysis of substrate samples AM have been developed and optimised throughout

the work. Electrolysis samples obtained at various potentials showed different currents.

Chronoamperometry and LC/MS peak analyses narrowed the optimal potential win-

dow for electrolysis to around - 500 mV mark. This potential was chosen to be used

for electrolysis in the continuation of this work. P450 biosensor performance has been

shown through electrochemical characterisation, however, for full characterisation and

to confirm its potential to replace conventional in vitro drug development methods,

much more comprehensive studies need to be carried out. Currently, based on the

reported results in this work, artemether seems to be successfully reacting with CYP

2B6 enzyme without the need for NADPH on a biosensor surface. Although it is not

clear whether the catalytic cycle goes to the end by producing a substrate molecule,

all electrochemical data off the biosensor seems to suggest that artemether gets de-

pleted during the P450 reaction on a biosensor surface. Thus, CYP 2B6 biosensor with

artemether show strong potential towards successful phase I drug metabolism mimicry

without the need for NADPH.
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Chapter 4

Development of a Microfluidic

Chip Integrated with P450

Biosensor for Mimicking Phase

I/Phase II Drug Metabolism

Figure 4.1: Concept of a microfluidic platform for mimicking phase
I/phase II drug metabolism. Abbreviations: P450 - cytochrome P450 type
CYP 2B6 (Phase I metabolism enzyme); UGT - UDP-glucuronosyltransferase
(Phase II metabolism enzyme); DHA - phase I metabolism product; CYP2B6
Biosensor - gold screen-printed electrode immobilised with the P450 enzyme.
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The objective of this chapter is to integrate the previously developed P450 biosensor

into a microfluidic chip and develop a modular microfluidic platform mimicking phase

I/phase II metabolic reaction. The chapter will describe phase I and phase II enzymatic

drug metabolic reactions off and on-chip. The characterisation of the microfluidic

platform integrated with the P450 biosensor, its coupling with the phase II enzymatic

reaction on-chip, and the analysis of the metabolite(s) stemming from the coupled

reaction also form parts of this chapter.

4.1. Introduction

The focus of this chapter is to combine the power of microfluidics with electrochemistry

for investigating phase I and phase II drug metabolism. The model reaction for mimicry

of phase I and phase II enzymatic reactions chosen is a phase I and phase II metabolism

of artemether (Figure 4.2), one of the most effective antimalarial drugs (Brewer et al.,

1994).

Malaria itself causes more than 200 million cases resulting in approximately 1 million

deaths worldwide each year (World Health Organisation, 2010). For the treatment

of malaria, artemisinin-based combination therapies were recommended by the World

Health Organisation (WHO) as a first-line treatment for the most widespread type of

malaria, Plasmodium falciparum (Kaur et al., 2015). Artemether (AM), an artemisinin

derivative has a fast onset of action, therapeutic efficacy against multidrug-resistant

malaria, and few side effects (Brewer et al., 1994). It has better bioavailability compared

with artemisinin and is the most clinically used derivative (Brewer et al., 1994).

It is well recognised that patients administered with a particular drug exhibit signifi-

cant interindividual variability in their response to treatment (Panicco et al., 2011a).

Similarly, clinical trials of malaria patients revealed a large difference in their response

to the drug resulting in various pharmacokinetic profiles of the same antimalarial drug

between individuals (Kerb et al., 2009).

The evidence is increasing that polymorphically expressed drug-metabolising enzymes,

mainly cytochrome P450 enzymes are one of the main contributors to the variability in

drug response (incomplete cure, relapse, resistance) or toxicity experienced with anti-
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malarials (Kerb et al., 2009). Specifically, genetic variations in these enzymes are one

of the causes of marked variability between individuals (Pelkonen et al., 2008).

Figure 4.2: Model reaction used for mimicking in a microfluidic chip.
Hypotetical metabolic pathway of artemether (AM, molecular weight (MW):
298.37 g·mol−1) catalysed by phase I enzyme CYP2B6 and its primary metabolite
dihydroartemisinin (DHA, MW: 284.35 g·mol−1) into phase II final metabolite,
DHA-glucuronide (DHA-G, MW: 460.47 g·mol−1).

Antimalarial in vivo studies have indicated that artemether particularly shows large in-

terindividual variability in pharmacokinetic parameters (Mwesigwa et al., 2010; Honda

et al., 2011). For example, patients who are fast metabolisers can metabolise the drug

more extensively, resulting in lower plasma concentration and, consequently, leading

to a poor or no drug effect (Kerb et al., 2009). In contrast, poor metabolisers (pa-

tients with absence of an artemether metabolising enzyme) can metabolise the drug

less extensively, resulting in higher plasma concentrations that might lead to drug tox-

icity (Kerb et al., 2009). Assigning less dosage of the drug than required for the slow

metaboliser, as a result, can potentially lead to an antimalarial resistance, which is the

main problem in malaria treatment (Organization, 2015). Identifying the exact mech-

anism and the enzymes responsible for metabolising artemether in vivo can advance

antimalarial research. Understanding pathways of artemether metabolism in humans

and elucidating artemether metabolising enzymes is the first step towards assigning

correct dosages depending on genetic phenotypes, which can subsequently open doors

to personalised medicine (Evans and Relling, 2004; Eichelbaum et al., 2006; Zanger

et al., 2008; Ingelman-Sundberg et al., 2007).

It is only in the recent decade that the metabolic pathways of antimalarial drugs have

been hypothesised and investigated (Kerb et al., 2009). However, in vitro research
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into antimalarial drug metabolism is still in its infancy (Kerb et al., 2009) and has

been mostly limited to exploring genetically variant metabolic enzymes using standard

techniques. Information on the metabolism of antimalarial drug compounds is gathered

mostly using in vivo clinical studies, which require extensive research and is dependent

on person-to-person interindividual variability (Honda et al., 2011).

Some studies have investigated artemether metabolism using in vitro model systems

that utilise components from the human liver mimicking prediction of metabolic rates

and fates of antimalarial molecules in vivo (A Whitman et al., 2016). However, as

established earlier in Chapter 1, there are numerous disadvantages of conventional in

vitro methods used in drug testing. Therefore, in this chapter we attempt to confirm

phase I/phase II metabolism of artemether via an alternative method, i.e. via develop-

ing a cascading enzymatic microfluidic system integrated with an electrochemical P450

biosensor.

There has been only one microfluidic device reported that was able to couple phase

I/phase II metabolism mimicry on a chip using liver microsomes. Kampe et al. re-

ported a cascading microfluidic chip with cytochrome P450 and glucuronosyltransferase

enzymes catalysing a fluorescent drug EFC (Kampe et al., 2014). The chip had its lim-

itations such as complex fabrication, and the stability of microsomes used. In contrast,

the first disposable chip for mimicking coupled phase I and phase II metabolism reac-

tions without the use of cell-like structures was reported by Vasiliadou et al., where

the authors detected phase II metabolite via LC/MS (Vasiliadou et al., 2016). How-

ever, since the chip was based only on the electrochemical generation of metabolites

via unmodified electrodes, the number of reactions that potentially can be mimicked

with this chip is limited.

To overcome challenges of reported microfluidic chips mimicking phase I and phase

II metabolism and to better understand the metabolism of artemether in vitro, this

chapter aims to develop a modular microfluidic platform with integrated electrochem-

ical redox biosensor. The modular platform is used to mimic phase I metabolism

of artemether in its first compartment and aims to couple the produced metabolite

with the second compartment for phase II (glucuronosyltransferase (UGT))-catalysed

reaction Figure 4.1. To approach the aim of this chapter, several objectives will be

pursued:
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1. Integration of P450 biosensor described in Chapter 3 into a microfluidic channel

2. Evaluating biosensor performance incorporated into the microfluidic channel

3. Development of phase II enzyme UGT assays, enzymatic activity assays off- and

on-chip

4. Investigation of artemether reaction samples on the possible formation of phase

I and phase II metabolites in a modular chip

130



4.2. MATERIALS AND METHODS

4.2. Materials and methods

4.2.1 Reagents and suppliers

Solid and liquid chemicals were purchased from the distributors shown in Table 4.1. All

chemicals were of analytical grade. 3D modelling software SolidWorks Students edition

(Dassault, France) was purchased from TechSoft, UK, Denbighshire.

Table 4.1: Chemicals, solvents and reagents used in chip fabrication
and experiments.

Reagent Supplier
Acetone Sigma-Aldrich, UK

Acetonitrile Life Technologies, UK
Alamethicin Ready-made solution Sigma-Aldrich, UK

Ammonia Sigma-Aldrich, UK
Ammonium Formate Sigma-Aldrich, UK

Artemether Cambridge Bioscience, UK
Bradford Reagent for 0.1-1.4 mg/mL Sigma-Aldrich, UK

Chloroform, HPLC Grade VWR International, UK
Corning UGT2B7 supersomes SLS LTD, UK

CYP/EZ041, EZ020 Tebu-Bio Ltd., UK
Dimethylsulfoxide (DMSO) Fisher Scientific UK

Dihydroartemisinin Cambridge Bioscience, UK
Ethyl Acetate Fisher Scientific UK

M-PVA SAV2 Magnetic Beads Perkin Elmer LAS, UK
Magnesium Chloride (MgCl2) Sigma-Aldrich, UK

Methanol Sigma-Aldrich, UK
Lithium beta-hydroxypyruvate hydrate Sigma-Aldrich, UK

NADPH Generon, UK
Pierce Water, LC/MS Grade Life Technologies, UK

Pierce Formic Acid, LC/MS Grade Life Technologies, UK
Sodium Chloride (NaCl) Sigma-Aldrich, UK

Trichloroacetic acid Sigma-Aldrich, UK
Tris Sigma-Aldrich, UK

Toluene Sigma-Aldrich, UK
Perchloric Acid Sigma-Aldrich, UK

Uridine 5’-diphosphoglucuronic
acid*Tris

Sigma-Aldrich, UK

131



4.2. MATERIALS AND METHODS

4.2.2 Device fabrication and operation

A microfluidic modular chip (Figure 4.3) was designed with 3D modeling software

SolidWorks (Dassault Systems, Velizy-Villacoublay, France) and translated into Adobe

Illustrator CS6 software (Adobe Systems Inc., San Jose, USA). The parts were fabri-

cated in 2 mm poly(methyl methacrylate) (PMMA) using a CO2 laser marking head

(Epilog Zing, USA). The features were ablated with a power of 100%, a mark speed

(laser tracking speed) of 8 mm·s−1 and a frequency set to 100%. The layers were ther-

mally bonded by clamping together at 400 cN·m2 at 102.5 ◦C for 1-1.5 h. The depth

of the channels was measured by an optical ContourGT-K (Bruker) profilometer to be

about 500 µm.

A screen-printed gold electrode was bonded using a double-sided adhesive with 200

µm thickness (indicated as adhesive tape on Figure 4.3) to the bottom of the first

channel designed for phase I drug metabolism mimicry. A square-shaped (1.3 × 1.3

cm) template was designed in Adobe Illustrator software and a circular hole was cut

out using a laser cutter in the centre of the square-shaped tape, so it would fit above

the electrode surface forming a well between the chip and the electrode. Tefzel tubing

(ID 1mm, OD 1/16 inch; VWR International (18-1142-38) was connected to the device

using the screw-on connectors (UPF-125H and UPN-124-02, UPN-125-01, Upchurch

Scientific, USA purchased from Thames Restek, UK). The setup is shown in Figure 4.3.

All reaction solutions were pumped using a syringe pump with 5 µL·min−1 flow rate

unless stated otherwise.

The fabricated microfluidic device with a clean and dry microchannel was connected to

a syringe pump (AL 1000-220). Water was pumped at a fixed flow rate and the time

that it took for the water to flow from the inlet to the outlet was measured by several

repeats. Reactor volume was calculated by multiplying the given flow rate by the

time determined based on three repeats. The volume of fabricated microchannel was

determined to be 45 µL for the P450 biosensor incorporated compartment (indicated

as Phase I reaction in Figure 4.3) and 10 µL for the second microchannel (indicated as

Phase II reaction in the figure).
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Figure 4.3: Exploded view of P450-UGT chip. The electrode surface
is immobilised under the second layer of PMMA with cutouts. The channel
goes through the surface of the electrode and continues to the outlet of phase I
reactor microchannel. (B) Picture of connected inlets and outlets of individual
microchannels on-chip integrated with P450 electrode. Substrate/cofactor mix
flows from left to right. Microchannel dimensions were designed to be 500 µm ×
500 µm, volume of P450 and UGT compartments of the chip were 45 µL and 10
µL, respectively.
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4.2.3 Cyclic voltammetry on-chip

AM to DHA conversion on-chip. Investigation of peak current on flow rate studies

was conducted on-chip. A freshly prepared electrode was integrated into the P450

microchannel according to fabrication described in subsection 4.2.2. The chip inlet was

connected to an Aladdin pump and the outlet was placed into an Eppendorf tube. The

electrode was connected to PalmSens potentiostat on-chip. PBS solution was flowed

through using various flow rates (3, 10, 15, 30, 50, 60 and 70 µL·min−1). For each flow

rate, one reactor volume was let to pass through the microchannel to set a steady-state

flow. Then a potential from -1 V to +0.2 V was cycled to measure the corresponding

current values and cyclic voltammograms were taken for each corresponding flow rate

using PSTrace software. For the steady-state condition CV curve, PBS was supplied

using a flow of 3 µL·min−1 to fill the P450 biosensor well, the flow was stopped and

cyclic voltammogram was taken afterward.

4.2.4 UGT enzyme immobilisation onto magnetic beads

and loading into chip

The second compartment of the modular chip was used for phase II drug metabolism

mimicry. The microchannel acted as a reservoir for UGT enzyme immobilised mi-

croparticles which were kept in the channel with the aid of a magnetic slab aligned to

the bottom of the chip. Substrate solution (indicated as [S] in Figure 4.4) was flowed

through the microchannel at 3-5 µL·min−1 flow rates. The concept of flow experiments

with UGT-immobilised magnetic particles is presented in Figure 4.4.

Particles

Chemagen streptavidin-coated superparamagnetic particles (M-PVA SAV2) ranging in

diameter from 1.0 to 3.0 µm were purchased from Perkin Elmer (UK) with properties

summarised in Table 4.2 as obtained from the manufacturer’s specifications.

M-PVA particles superparamagnetic polyvinyl alcohol beads are immobilised covalently

with streptavidin on to their surface. These beads have a polydisperse size distribution

according to the manufacturer’s specifications and are high on the content of magnetite,

which permits the rapid separation of biotinylated target molecules. The beads are
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Figure 4.4: Phase II microfluidic compartment for mimicry of UGT-
catalysed reaction. A) Process of mixing UGT2B7 enzyme with streptavidin-
coated magnetic beads; B) After incubation, supernatant with unspecific binding
is removed using a magnetic separation, and the concentrate is loaded into a
microchannel compartment; C) Microfluidic chip placed on a magnetic slab during
flow experiments.

made of polyvinylalcohol matrix, which has a hydrophilic nature; therefore, using them

should allow for the reduction of unspecific binding properties to a minimum.

Table 4.2: Properties of superparamagnetic particles (M-PVA SAV2)

Concentration
Standard
Magnetite
Content

Binding Capacity Storage

25 mg/mL 50 -60%

- 30-40 pmol biotiny-
lated protein/mg
beads
- at least 300 pmol
biotinylated oligonu-
cleotide/mg beads
- 520 pmol free
biotin/mg beads

at 4 ◦C in PBS-buffer
pH 7.2; 0.1% bovine
serum albumine (for
stabilisation); 0.05%
sodium azide

Immobilisation

Immobilisation of UGT2B7 (Corning) on streptavidin-coated superparamagnetic polyvinyl

alcohol beads (M-PVA SAV2, PerkinElmer) with a diameter of 1 to 3 µm was adapted

from Kampe et al. (2014). A suspension of 75 µL beads was washed twice with 700

µL of H2O via magnetic separation (Figure 4.4). The magnetic separation allows keep-

ing enzyme-immobilised magnetic particles in the bottom of a plastic tube due to the
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proximity of a magnetic field generated by the magnet and by that removing the super-

natant from the mix (Figure 4.4). The beads were then resuspended in 75 µL of TBS

buffer (0.1 M Tris, 0.15 M NaCl, pH 7.4 at 37 ◦C). A solution of 70 µL of UGT2B7

(0.35 mg) was mixed with the beads, and TBS buffer was added to a final volume of

700 µL. The mixture was incubated for 1h at room temperature, washed twice with

700 µL of TBS and the extra solution was removed using magnetic separation. A final

volume of 15 µL of beads was manually injected into the second phase II mimicry com-

partment of the PMMA chip using a pipette tip. A photo of the channel loaded with

UGT-immobilised beads is shown in Figure 4.5. Loading of the channel was monitored

by naked-eye inspection.

Figure 4.5: Optical image from top of a microchannel loaded with
UGT-immobilised particles. The chip was placed on a magnetic slab to pre-
vent possible loss of UGT2B7-immobilised beads during the flow experiments.

For coupling experiments, UGT-filled channel was connected to the first P450 channel,

while in UGT-only experiments, only the second part of the chip was used individually.

The inlet of the assembled chip was connected to a syringe pump holding the syringe

with a cofactor/substrate solution [S] (50 mM PBS with 2 mM UDPGA, 10 mM MgCl2,

50 µLM AM or DHA).

4.2.5 Phase I and phase II enzymatic reactions

The study of phase II enzyme activity in suspension was conducted in TBS buffer (0.1

M Tris, 0.15 M NaCl, pH 7.4 at 37 ◦C). Typical samples contained UGT2B7 supersome,

substrate, MgCl2 (10 mM), as well as cofactors. In the case of phase II reactions, 0.1
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µg/µL alamethicin and 2 mM UDP-glucuronic acid were used, and for coupled phase

I/phase II reactions, Tris buffer was used instead of TBS buffer.

Substrates were dissolved in methanol, and the final methanol concentration was ad-

justed to 2% for all reactions. Enzymes, substrates, and alamethicin (for phase II

reactions) were mixed and preincubated for 10 min at 37 ◦C. The cofactor mix was

preincubated separately for the same period. Reactions were started by combining

the enzyme/substrate solution with the cofactor mix. Reactions were stopped by the

addition of an equal amount of ice-cold methanol.

The biosensor was immobilised below the phase I compartment of the chip as described

in subsection 4.2.2. UGT2B7 modified beads were manually injected into phase II

compartment microchannel of the two-channel PMMA chip using a standard pipette

tip. Phase I and phase II compartments of the chip were connected via a 5 cm tubing

using MiniLuer plugs (Upchurch Scientific, USA). The outlet tubing was placed into

Eppendorf tubes containing 60% perchloric acid or ice-cold methanol to confirm the

reaction is stopped. The syringe pump was filled with 50 mM PBS buffer containing

2 mM UDPGA, 10 mM MgCl2, 0.01 µg/L alamethicin and 50 µM AM. The reaction

mixture was delivered through the inlet using a syringe pump at a flow rate of 5

µL/minµL·min−1. Once the electrode compartment was filled, -0.55 V potential was

applied using amperometry technique for the duration of the run (about 45-60 min).

The final reaction solution of 150 µL containing fractions was collected into Eppendorf

tubes. For all runs in the chip, newly prepared P450-immobilised electrodes were used

for each full run. AM solubilised in 10 mM methanol stock was diluted 50 times

in PBS so that methanol was not more than 2% of the total solution volume. This

200µM AM solution was injected into the HPLC-like loop device. First PBS buffer

was flowed through the microchannel at 5 µL·min−1 flow rate for 2 reactor volumes.

Once steady-state condition was established, the HPLC-loop device knob was turned to

inject and 100 µL substrate solution started to flow through the microchannel. When

the substrate reached P450 well, potentiostat potential was set to -0.55V and held

constant for 40 min. 200 µL reaction volume was collected into plastic tubes and taken

for analysis.
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Figure 4.6: Glucuronidation of HFC. UDPGA, uridine diphosphate glu-
curonic acid facilitates glucuronidation reaction through UGT2B7 enzyme. HFC,
a fluorescent drug loses its fluorescence when converted to its phase II UGT-
catalysed metabolite HFC-glucuronide

4.2.6 Fluorescence assay for UGT2B7 glucuronidation re-

action

UGT2B7 enzyme activity was checked with an adapted protocol based on a fluorescent

compound 7-Hydroxy-4-trifluoromethylcoumarin (HFC) (Rahikainen, 2016). The 96-

multiwell plate (96 well black plate, flat-well, non-sterile, Sterilin Appleton Woods ltd.,

UK) assays were carried out with 100 mL volume containing 100 mM Tris-HCl pH

7.4, 2.5 mM MgCl2, 0-250 mM HFC, 0-2 mM UDPGA supersomes as the enzyme

source.

Adding UDPGA started the reaction. A negative control sample (supersome with

no UGT2B7) was carried out in every individual assay. The decline in fluorescence

was monitored in the multiwell plate experiments every 1 min for 60 min (excitation

and emission wavelengths: 364 nm and 498 nm, respectively) using a Tecan Infinite

400 multi-well reader. The fluorescence change values were converted to molarity by

using HFC standard curves (Figure E.1). The slopes of the reduction in the HFC

concentration were calculated with linear regression analysis, using the linear part of the

line where the assay indicated the glucuronidation reaction rate. The low background

slope was subtracted from the slopes of samples. In the end-point determinations, the

glucuronidation reaction was stopped by adding 10 mL of 30% trichloroacetic acid to

the 100 mL reaction mixture after 15 min of continuous monitoring and then measuring

the fluorescence at an excitation wavelength of 393 nm and an emission wavelength of

498 nm. Subsequently, the correlation was calculated for the results obtained in kinetic

and in end-point assays.
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4.2.7 Reaction product analysis

TLC assay. Thin-layer chromatography (TLC) on drug compounds was used as an

initial product analysis method. Ethyl acetate (16 mL), methanol (4 mL) and concen-

trated ammonia (3 mL) were mixed in a glass jar used as TLC developing chamber.

Then the chamber was closed and the solution mixed thoroughly. TLC filter paper was

lined along the chamber’s wall and the system was left to incubate for 15 min to ensure

saturation of the chamber with solvent vapour. The TLC plate was carefully placed

into the jar. The jar was closed and the chromatoplate was developed until the solvent

front had moved about three-quarters of the length of the plate for about 15 min. The

plate was then removed from the chamber, the solvent front was marked immediately

and any excess solvent was allowed to evaporate using a hot plate. The chromatoplate

was then exposed to low concentration sulphuric acid mixed with methanol staining

artemether and dihydroartemisinin. The mix was allowed to cool down and the chro-

matoplate was submerged upside down into the solution using a pair of tweezers. The

plate was instantly removed and all surplus solution was let to run down onto paper

tissue. To evaporate the solution, the chromatoplate was placed on a hot plate. During

heating, all AM and DHA spots gradually became visible.

Sample preparation and LC/MS analysis. Liquid-liquid extraction was performed on

all reaction samples before further analysis. For liquid-liquid extraction, samples were

mixed with ethyl acetate solution in 1:1 ratio, vortexed and centrifuged at 10,000 rpm

for 3 min. The supernatant was carefully transferred into vials without disturbing the

lower layer in the tubes.

LC/MS analysis was carried out as described in detail in subsection 3.2.6, which was

adapted from Duthaler et al. (2011). Briefly, the HPLC system was coupled to an

MSQTM Plus Mass Spectrometer (ThermoFisher, UK) equipped with electron spray

ionization, operated in positive ionisation mode. The cone voltage was set to 50V

and the source temperature to 300 V. All samples were analysed in a full scan mode.

Instrumentation control and data analyses were performed with Chromeleon software

(ThermoFisher, UK) and Microsoft Excel 2010. All analytes were scanned in full scan

mode.
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4.3. Results and Discussion

4.3.1 Microfluidic modular chip for drug metabolism mimicry

The microfluidic chip described in subsection 4.2.2 fabricated from Poly(methyl methacry-

late) (PMMA) was used (Figure 4.4). It contained two flow channels with a rectangular

cross-section. A CO2-laser cutter offers several advantages for the fabrication of mi-

crofluidic chips such as speed and precision, but with the limitation of the non-uniform

surface. To check the uniformity of a microchannel and to measure its dimensions,

the microchannel was measured with a profilometer. Microchannel width and depth

were found to be 800 µm and 350 µm, respectively, despite the dimensions placed in

the design (500 µm× 500 µm). The variability of the width and depth could be due

to the low accuracy of the laser ablation technique. Figure 4.7 shows images of a top

and cross-sectional views of the channel. Minor spikes were present on the bottom of

the channel, but vertical walls of the channel were quite uniform. Some roughness is

very favourable for immobilised enzymatic devices when enzymes are immobilised on

the walls of microfluidic chips, as roughness potentially increases the effective area to

be modified. In this work, the P450 enzyme was immobilised on an electrode surface,

while the UGT enzyme was immobilised on streptavidin-coated magnetic microparticles

held in the microchannel by a magnet. A rough bottom surface of a microchannel may

provide additional retention of microparticles in the channel and the current design was

used for further experiments.

For drug screening in the electrochemical microfluidic chips, factors that influence the

efficiency are the dimensions of the cell above the electrode surface and the volumetric

flow velocity. From a fabrication point of view, the easiest way to integrate a screen-

printed electrode (SPE) into a flow device is to place the electrode at the bottom of

the device. In such configuration dimensions of the cell above the electrode surface

was dependent on the thickness of the adhesive tape that acted as a connecting layer

between the electrode surface and the PMMA device. The diameter of the well-formed

above the electrode surface was 1 cm, while the thickness of the tape was about 300

µm, which resulted in the cylindrical volume of the well to be 23 µL.

Volume determination described in the Methods section was carried out before each flow

experiment with P450 biosensor and a volume of the P450 microchannel was roughly 40

± 5 µL. A microchannel for P450-reaction mimicry had two access holes on the bottom
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(a)

(b)

Figure 4.7: Imaging of laser-ablated channels. (A) cross-sectional view
of a microchannel and (B) top view image of the microchannel obtained by a
profilometer. Microchannel width is 800 µL and the depth is 350 µL.
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of the chip for the electrode surface. The diameter of the working electrode was 4 mm

forming a surface area of 0.13 cm2 accessible for P450 enzyme immobilisation.

Using conventional tubing, an outlet of the P450 biosensor integrated channel could

be connected to the inlet of the second microchannel designed for phase II UGT-

glucuronosyltransferase (UGT2B7 or UGT) enzyme drug metabolism. This channel

was filled with UGT-paramagnetic microbeads, which were immobilised within the

channel by injecting the mixture manually through a pipette.

4.3.2 Cyclic voltammetry on P450 biosensor integrated

into the chip

To optimise the electrode reaction, determining individual steps and identifying possible

rate-limiting factors is important. Modeling electron reactions are governed by individ-

ual steps such as electron transfer and mass transport as presented in Figure 4.8. Flow

experiments using the fabricated chip integrated with the P450 biosensor, artemether

molecules (A) were flowed through the microchannel and the P450 electrode cell. When

the electric potential was applied, the P450-catalysed reaction produced AM metabo-

lite, DHA (D). This affected the composition of the solution layer adjacent to the

electrode surface and the layer needs to be replenished, which can be achieved through

the flow. To investigate the P450 biosensor performance in a microfluidic chip under

flow conditions, cyclic voltammetry measurements were used to determine the potential

range for the biosensor.

On-line, on-chip cyclic voltammetry measurements were recorded at various flow rates

and are shown in Figure 4.9. In the stop-flow mode, a diffusion-limited curve was

observed similar to a typical cyclic voltammogram in a solution. In stop-flow mode,

an electrode reaction may be hampered by diffusion, since a concentration gradient

occurs close to the electrode when current passes and chemical change occurs. Addi-

tionally, after some time in stop-flow mode, dissolved oxygen in an electrolyte solution

gets depleted affecting P450-catalysed conversion of artemether to its phase I metabo-

lite.

With increased flow, cyclic voltammograms obtained from CYP2B6 immobilised elec-

trode under various flow rates from 3 µL·min−1 to 75 µL·min−1 shifted in potential.

The P450 reduction peak was observed at -370 mV for 3µL·min−1 flow rate, and shifted
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up to -200mV when the highest flow rates (µL·min−1L per min) were applied. Shifts

in potentials were obtained mainly at higher flow rates indicating enhanced material

adsorption. Higher flow rates may help to remove reduced species and enhance absorp-

tion since less diffusion occurs on the surface of the electrode (Odijk et al., 2009). On

the other hand, under flow external mechanical forces driving the mass transport via

convection can affect the uniformity of the P450 enzymes immobilised on the biosensor

surface and by that alter the performance of the electrochemical biosensor.

Figure 4.8: Simplified representation of artemether to dihy-
droartemisinin reaction on an electrode surface.

To obtain a good conversion efficiency, the channel height must be smaller or equal to

the diffusion length of ions on the surface of an electrode (i.e. the time that ion can

diffuse towards the working electrode horizontally on an electrode surface plane) (Odijk

et al., 2009). This is because besides diffusion and convection-based mass transport,

mass transport can be driven by the potential gradient in the cell, where ions move

due to a potential field between electrodes and migration is not specific to reactants

and products (Pletcher et al., 2001). In our system, the height of the well above the

biosensor surface is roughly 300 µm, while the distance between working and counter

electrode can be approximated to about 2 mm. Since the distance between the counter

and working electrodes is small ( 2mm), mass transport due to potential takes place in

limited proximity on the electrode surface. Thus, a planar diffusion happening between

the working and counter electrode may not have any limitations on an electrode reaction

in this chip.

Nevertheless, the thickness of the diffusion layer above the electrode surface can play a

role in the biosensor performance. In general, the thickness of diffusion layer above the

electrode surface, where the concentration of species is driven by diffusion only, depends

on the applied potential and the mass transport regime and typically ranges from 10 to
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100 µm distance from the electrode surface (Pletcher et al., 2001). Above this distance,

concentration should be uniform due to a well-mixed solution. In the P450 chip, the

height of the P450 electrode cell was three times larger than a maximum possible

thickness of a diffusion layer, which may result in an inability of higher layers of the

substrate to reach the proximity of the biosensor under high flow rate conditions.

(a) (b)

Figure 4.9: Dependance of peak current on various flow rates used in
P450 chip. Cyclic voltammograms recorded in a solution of PBS buffer, pH
7.4 at room temperature using a chip integrated with electrode immobilised with
CYP 2B6 via PDDA thin-film layers. Scan rate used was 50 mV·s−1. Flow rates
ranged from 0 to 75 µL·min−1.

However, analysis of CV curves obtained at high flow rates showed that with the faster

flow, an added contribution of convection to the measured current was observed. Anal-

ysis derived from an electrochemical chip with 9.6 nL volume by(Odijk et al., 2009)

showed that the authors were able to achieve high conversion rates and an increase

of the electrochemical current due to replenishment. Similarly, following the analysis

by (Odijk et al., 2009), a peak current dependence on flow rate was plotted and fitted

linearly (Figure 4.9). The linear fit shown in Figure 4.9b gave an R2 value of 0.924,

which is somewhat low. The obtained linear equation was:

I = −8.85 ∗ 10−6 − 0.12 ∗Q (4.1)

where I is current, and the volumetric flow velocity Q is in L·min−1.

In equation 4.1, the first term corresponds to the measured peak current for stop-

flow condition curve. (Odijk et al., 2009) reported a linear dependence of measured
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current versus flow rate observed from 0 to 0.5 µL·min−1 flow rates in the smaller

electrochemical chip (Odijk et al., 2009). The linear equation obtained was a sum of

a constant diffusion factor and a linear contribution of volumetric flow. The authors

reported that the current does not depend on the working electrode area unlike in batch

reactions. In the obtained linear equation in this study, R2 value is not high enough and

therefore, it is not clear if the peak currents indeed are proportional to flow rates. The

current data set was also based on using the same electrode throughout the experiment.

For each CV, several reactor volumes passed to set a steady-state condition which may

have also had a negative impact on the enzyme immobilisation on an electrode surface.

To verify the linearity between peak current and flow rates, more studies need to be

carried out with a freshly prepared electrode for each flow rate.

Overall, although preliminary electrochemical measurements on-chip seem to indicate

that conversion of a substrate to metabolite should equally be accomplished at higher

flow rates up to 75 µL·min−1, high flow rates would not be favourable for P450 enzyme

immobilised on an electrode surface and for UGT enzymes, used in phase II compart-

ment of the P450-UGT chip. P450 enzyme is immobilised through adsorption on an

electrode surface using PDDA films, whose bonds can be weakened at high flow rates.

Therefore, despite the investigation of a window of operation of flow rates, low flow rate

range (5 µL·min−1) was chosen for further studies and further repeats on dependance

on peak current on flow rate were not pursued. In contrast, the P450 biosensor provided

an electrochemical response under stop-flow or low flow rate conditions as expected,

which suggested the chip could be used for further studies on substrate conversion

on-chip.

4.3.3 Development of detection methods of drug com-

pounds and metabolites

To investigate the presence of phase I drug metabolite DHA produced in P450-catalysed

artemether reaction, developing an analytical method of detection was important. Be-

cause of very similar physicochemical properties and structures of AM and DHA, de-

veloping an analytical method for simultaneous estimation of these compounds proved

to be difficult.

Thin-layer chromatography. Initially, thin-layer chromatography (TLC) was used. TLC

is a common screening method to decide if a drug product meets, is legal or counter-
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feit. Normally, drug screening TLC methods are simple, inexpensive, selective and

semiquantitative, which can provide ”Yes or No” answer on-site (Sherma, 2007). Run-

ning standards of AM (5 mM) and DHA (5 mM) solutions on a TLC plate using a

method for detection of DHA (Richard W. O. Jahnke, 2011) earlier showed detection

of both DHA and AM. AM and DHA spots were spotted at travel distances Rf of about

0.82 for DHA and 0.93 for AM (Appendix Figure E.2). Earlier reported work yielded

detection of DHA at a travel distance of 0.69 using the same method (Richard W.

O. Jahnke, 2011). The slight difference in travel distances could be due to the different

nature of the drug. The reported study used off counter drug compound, while in this

work DHA available for research purposes only was used. Further detection of DHA

was also possible when exposing the dyed chromatoplate to UV light of 366 nm in a

dark room. However, when quantification was attempted, concentrations of less than

1 mM of DHA and AM were not possible to detect using TLC. Since the TLC method

is semiquantitative, it was impossible to use it for detection of possible metabolites in

reaction samples obtained from reactions ran in the chip, which already had minute

volumes.

AM and DHA are structurally similar and they show absorption in the UV-range (200-

220 nm) due to the absence of chromophores in their structures. The AM absorptivity

is considerably low in this region, resulting in HPLC-UV and gas chromatography (GC)

methods with poor sensitivity. Therefore, among analytical methods, tandem MS is a

preferred detection technique for artemether (Raju et al., 2013). However, due to the

absence of LC/MS/MS system at hand, detection of AM and DHA was still attempted

using an LC/MS system.

LC/MS analysis A method adapted from (Duthaler et al., 2011) was used for detection

of AM and DHA. The authors validated this method for the simultaneous quantification

of the antimalarial such as AM and its phase I metabolite DHA and its phase II metabo-

lite DHA-glucuronide. However, the method was developed for a tandem MS system.

In this study, using general conditions and the same LC method steps used by Duthaler

et al., good responses were observed at m/z 267.4 and 302.2, corresponding to the pro-

tonated molecule of AM and ammonium adduct of DHA, respectively. Selected Ion

Monitoring spectrum at 267.2 mass showed a peak corresponding to AM at 12.32 min

(Figure E.3). DHA standards also contained a high-level intensity of m/z=267.2. The

DHA standard was detected at 16.5 min retention time as shown in LC chromatogram
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in Figure E.4. DHA standards were used for making calibration curves to quantify

possible metabolite formation concentration (presented in Figure E.5). DHA standard

dilutions ranging from 1 µM to 100 µM concentrations yielded a linear dependence of

the height and area on the concentration with R2 values of close to 0.999.

When AM and DHA were injected directly in the mass spectrometer along with with the

mobile phase, the main molecules of AM and DHA were not seen in abundance, but a

fragment of the parent and metabolite molecule were observed having a mass of 267 and

302 on MS chromatograms. However, AM mainly was detected through m/z 267 as well

but did not contain a mass of 302. Therefore, mass 302 was chosen as the main identifier

for DHA, and this method was used for the analysis of the reaction product obtained

from the biosensor surface and reaction conducted in a P450-integrated microfluidic

chip.

4.3.4 Artemether conversion to its phase I metabolite on-

chip

For flow experiments, once cyclic voltammogram studies on-chip showed that the P450

biosensor responds to potential change under on-chip conditions, on-chip electrochemi-

cal generation of AM product, DHA, was investigated (Figure 4.2). To generate higher

metabolite yields, the potential was held at -500 mV constant for about 40 min, while

the substrate was flowed though the biosensor surface with a flow rate of 5 µL·min−1.

The outlet of the P450 compartment was connected to a plastic tube for collecting the

reaction solution for LC/MS analysis. As a result, samples of 200 µL volumes were col-

lected and samples went through liquid-liquid extraction as described in the Methods

section before the LC/MS analysis.

However, analysis of samples from electrolysis on-chip yielded no noticeable peaks in

chromatograms corresponding to DHA. Therefore, samples were injected directly in the

mass spectrometer along with the mobile phase and full scan spectrum was inspected for

the presence of a mass of m/z 302.2 corresponding to the DHA. The analysis showed the

presence of ions m/z=302.2 corresponding to ammonium adducts of dihydroartemisinin

(DHA) (Figure 4.10), while control sample collected off the chip before electrochem-

ical generation was applied, showed no such ion present. The observation suggested

that the biosensor was working and conversion of artemether to its phase I metabolite

DHA on-chip was happening. Huang et al. observed DHA molecule in artemisinin
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compounds analysis under the same m/z of 302 (Huang, 2011). The presence of the

phase I metabolite in flow reactions ran using the microfluidic chip was confirmed by

repeating artemether catalysis on the P450 biosensor integrated into the chip over sev-

eral experiments under the same conditions and with same buffers. However, in all

obtained full scan mass spectra, intensities of the spikes were very low, suggesting that

the concentration of product was minute and therefore DHA was not visible in chro-

matograms. There are major factors that may contribute to why metabolite presence

in the samples was not observed in LC chromatograms:

• Low sensitivity of the LC/MS method. Derivatives of the compound artemisinin,

which are AM and DHA, do not have ultraviolet or fluorescent chromophores,

and therefore analysis of these drugs in biological fluids, in general, have proven

difficult (Naik, 2004). All of the modern analytic methods for AM and DHA

detection are based on tandem LC/MS/MS (Wiesner, 2010, Huang, 2013, Shi

2006). LC/MS/MS allows analysing samples based on the fragmentation of ions

and offers increased sensitivity in comparison to LC/MS. However, due to equip-

ment limitation, this work adapted the method by Duthaler et al. for LC/MS/MS

for usage on its counterpart, which seems to have contributed to low DHA peaks

observed in the analysis.

• Loss due to liquid-liquid extraction. Samples could be treated with various treat-

ment methodologies such as liquid-liquid (Peys, 2005, Shi, 2006), solid-phase

(Huang, 2009) and protein precipitation (Cesara, 2011) extraction methodolo-

gies have been used particularly in LC/MS/MS methods for the determination

of artemether and DHA in plasma samples. Liquid-liquid extraction treatment

used in the work seems to have contributed to the loss of maybe already low

concentrations of the P450-AM reaction product.

Overall, improving the sensitivity of the LC/MS method was carried out throughout the

study, but proved very difficult. For DHA standard, running LC/MS method seemed

to be effective as the method produced a distinct peak for concentrations as low as 0.02

µM. This meant that if DHA observed in reaction solutions were present in even lower

concentrations. To adjust the sensitivity, initially, MS instrumentation settings were

adjusted. For example, source temperature and cone voltages were lowered and raised,

mobile phase content was adjusted with a higher rate of formic acid to improve the
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Figure 4.10: MS full scan of a sample taken from electrolysis on CYP
2B6 biosensor surface in chip. A mass fragment with an m/z = 302.2 corre-
sponding to ammonium adduct was observed in MS full scan spectrum.

fragmentation of ions in MS. Additionally, salt concentrations in the mobile phase and

gradient parameters were changed to improve the sensitivity of the method. However,

signal intensity was not improved and similar peak and spike heights were observed.

In summary, however, analysis of electrolysis on-chip samples still did indicate the suc-

cessful formation of a product without the need of NADPH and solely using biosensor

surface, which suggests that phase I artemether metabolism using electrochemically-

driven catalysis was possible both off- and on-chip.

4.3.5 Validation of UGT enzyme activity using a model

fluorescent drug

Once the DHA presence and possible successful phase I metabolism in the chip was

confirmed, the phase II reaction catalysed by UGT2B7 enzyme was investigated. Phase

II metabolism of AM is driven by glucuronidation reaction, which produces dihy-

droartemisinin glucuronide. UGT enzymes are phase II membrane enzymes found in

the endoplasmic reticulum and are available commercially in various forms. Supersomes

(human liver entities similar to microsomes) containing UGT2B7 enzyme were used in

this work. To validate the activity of commercially obtained UGT2B7 supersomes,

a fluorescent substrate 7-hydroxy-4-trifluoromethylcoumarin (HFC) metabolism was

chosen. HFC is a metabolite of a drug compound 7-ethoxy-4-trifluorocoumarin (EFC),

which goes through cytochrome P450 metabolism before reaching the glucuronida-

tion stage. Phase II enzyme UGT-glucuronide then metabolises HFC into its non-

fluorescent metabolite HFC glucuronide (HFC-Glu). The model reaction is shown in

Figure 4.11.

In general, HFC glucuronidation assays are conducted in several steps: 1) incubation
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Figure 4.11: Phase I and phase II drug metabolism of a fluorescent drug
EFC. 7-ethoxy-4-trifluorocoumarin drug compound is metabolised by CYP2B6
enzyme to generate 7-hydroxy-4-trifluoromethylcoumarin (HFC). The latter
is glucuronylated by UGT isoform 2B7 to form 4-trifluoromethylumbelliferyl-
glucuronide (HFC-Glu).

of the substrate (HFC) with the enzyme source, 2) stopping of the reaction 3) removal

of the organic layer and membranes, separation of the unconjugated HFC from the

HFC glucuronide by liquid chromatography and 4) detection of the two compounds by

fluorescence or absorbance detection. Previously reported less complex glucuronidation

assay based on depletion of a fluorescent substrate HFC, when catalysed by UGT2B7

enzyme, was adapted and used in this study (Rahikainen, 2016). HFC fluorescence

in samples obtained from various concentrations of substrate HFC was measured by

fluorometer and concentrations of the product were determined indirectly. Fluores-

cence values were converted to concentration terms using HFC calibration curves (Fig-

ure E.1), and the enzyme activity was determined. Figure 4.3.5 shows kinetic analysis

extracted to evaluate UGT2B7 catalysis of HFC into its metabolite HFC-Glu. Activity

of UGT2B7 followed a typical Michaelis-Menten curve, which allowed obtaining kinetic

parameters such as Vmax and Km. Lineweaver-Burke and Eadie-Hofstee were used as

fitting methods Figure 4.3.5.

Table 4.3: Comparison of experimental details for enzyme kinetic measurements

Lineweaver-Burke Eadie-Hofstee
Vmax,
[pmol.min−1.mg−1]

km [µM]
Vmax,
[pmol.min−1.mg−1]

km [µM]

833±108 37±3 1175 53

- -
7200±200 (Kampe
et al., 2014)

63±5 (Kampe
et al., 2014)

Michaelis-Menten kinetics and graphical determination of kinetic parameters are out-

lined in Appendix E. Kinetic parameters obtained from this experiment are presented

in Table 4.3. Although the Eadie-Hoffstee (EH) model provided not as a good fit as the

Lineweaver-Burke method in terms of R2 value, Km values obtained using EH model

were close to reported Km in literature for this substrate-enzyme pair in a free solution
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(a)

(b) (c)

.

Figure 4.12: Kinetic parameters of UGT2B7 enzyme. (A) Kinetic profile
obtained for conversion of the substrate HFC by UGT2B7 enzyme as a model
substrate. Data points represent mean values of triplicate measurements (error
bars = standard error of the mean). (B,C) Graphical methods used for analysis
of the enzyme activity profile.
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form (Kampe et al., 2014). Vmax values were much lower than reported in literature.

However, since the manufacturer of the UGT enzyme is different than the one in the re-

ported study and experimental conditions are different, inconsistencies in Vmax values

were expected.

Enzyme activity samples were analysed for the direct confirmation of the product for-

mation using LC/MS method. Due to the absence of standards of HFC-glucuronide,

product samples were analysed in full scan mode by the LC/MS method. Addition-

ally, the focus was to get verification that the enzyme is active. Samples were treated

by liquid-liquid extraction to remove salt molecules. Product metabolite was detected

under UV with the peak of HFC-glucuronide at 10.80 min retention time and a corre-

sponding ion with mass m/z=424 was observed Figure 4.13.

Figure 4.13: Evaluation of HFC substrate conversion by UGT2B7.
Metabolite formation from UGT2B7 catalysis of HFC substrate was confirmed
by observing a mass with m/z 424 corresponding to HFC-glucuronide.

4.3.6 UGT-catalysed DHA metabolism on-chip

Phase II drug metabolism mimicry was carried out in the second compartment of the

PMMA modular chip fabricated as described earlier. UGT-immobilised particles were

introduced into a microchannel and a magnetic field was applied from the bottom of

the chip to keep the magnetic beads in the channel. In general, magnetic particles have

wide applications and use in microfluidic systems and have yielded many applications

for on-chip bioanalysis (Pamme, 2012; Tarn and Pamme, 2011). For example, Phurim-

sak et al. reported on trapping of various functionalised magnetic particles within

microchannels for performing rapid immunoassays by flushing reagent and solutions

over the trapped particle plug. Functionalised magnetic particles were used also in

this work for immobilising UGT phase II enzyme. In the literature, a large number

of magnetic particles are used in combination with a strong magnetic field, typically
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provided by permanent NdFeB magnets (Pamme, 2012). Magnetic particles can be

packed inside a microfluidic channel to form particle beds for performing functions

depending on the particles’ surface functionalisation (Pamme, 2012). In this study,

UGT-immobilised streptavidin-coated superparamagnetic beads were employed. The

purpose of this study was to mimic phase II drug metabolism on the model DHA and

to test possible glucuronidation reaction in a chip.

DHA, an intermediate metabolite of AM, was used as a substrate compound to phase

II metabolism mimicking system, to the UGT-microchannel. Previous in vivo exper-

iments showed that when administered intravenously to male rats, the metabolite of

artemether, DHA, was mainly converted to the DHA-glucuronide (DHA-Glu) (Ilett et

al., 2002). Ilett et al. also determined that UGT2B7 enzyme is one of the two major

enzymes involved in DHA metabolism (Ilett et al., 2002). However, due to the absence

of the standard of DHA-Glu, this study attempted to quantify UGT-catalysed reaction

success through an indirect way, by substrate (DHA) depletion. However, depletion

of a substrate may not necessarily indicate the production of the phase II metabolite

DHA-glucuronide. There may be other reasons for depletion such as substrate decay

over time, or even production of a different metabolite or a compound. Therefore, more

direct analysis using LC/MS would need to be carried out.

DHA glucuronidation by UGT2B7 was tested in batch and continuous flow using the

same batch of enzyme-immobilised beads. Using developed LC/MS methods for DHA,

product samples obtained from UGT2B7 catalysis of DHA in the batch were analysed.

Figure ?? shows reaction profile over time for UGT-catalysed conversion of DHA into

its potential metabolite DHA-Glu. A very high concentration of substrate of 100 µM

was used for the experiment. Due to the short half-life of UGT supersomes, the reaction

time was limited and depletion of DHA was analysed from samples taken every 10 min

for an hour (Figure ??). The figure shows an increase of possibly formed DHA-Glu

levels up to 30 µM concentration within 30 min. However, depletion of DHA could also

be due to loss of DHA in liquid-liquid extraction treatment and absorption to UGT2B7

membranes present in the batch samples.

UGT enzymes were tested in flow experiments. UGT-immobilised beads were loaded

into microchannel as described in subsection 4.2.4, and samples were collected under

a constant flow rate of 5 µL·min−1 on equal time intervals. Several reactor volumes

were collected for all time points. Samples were collected into a tube with perchloric

153



4.3. RESULTS AND DISCUSSION

acid to quench reaction in case some enzyme is flowed out with a reaction product

sample. After liquid-liquid extraction, reaction products were analysed on substrate

depletion using DHA standard curves. Figure 4.14a shows the formation of DHA-

Glu in a chip over equal time intervals. The amount of DHA-Glu seemed to decrease

towards the end of the first hour, and in comparison with the batch reaction, it showed

slightly lower concentrations. However, it is worth noting that setup of the system

with loading the UGT-beads took around 20 min which may also contribute to the

loss of enzyme activity. Towards the 2nd h, DHA-Glu decreased to almost 50% of its

initially produced counterparts. Overall, for the first hour, the reaction on-chip seemed

to be comparable to the batch reaction results and further coupling experiments seem

feasible as long as the coupled reaction is carried out within one hour time to avoid

enzyme inactivation.

4.3.7 Analysis of UGT metabolism product formation on-

chip

LC/MS analysis of DHA metabolism by UGT2B7 experiments in batch and on-chip

indicated that DHA gets depleted during the UGT-catalysed reaction. This depletion

possibly is due to successful glucuronidation reaction that produces the DHA metabo-

lite, DHA-glucuronide (DHA-Glu). DHA-Glu is a large molecule with a molecular mass

of 460 g·mol. Figure 4.15a shows a full scan spectrum obtained from a reaction prod-

uct sample of phase II AM metabolism in the chip. The analysis showed successful

detection of a mass fragment with m/z 460, which corresponds to the molecular mass

fragment of DHA-Glu. The majority of reported LC/MS/MS methods analysing AM

and its metabolites characterise DHA-Glu by m/z of 478, corresponding to the am-

monium ion (m/z=18) adduct of DHA-O-glucuronide (DHA-Glu m/z=460) (Duthaler,

2010). Similarly, Ilett et al. developed a method for the detection of DHA-G from

plasma samples as well as in vitro samples and reported m/z of DHA-Glu 478 (Ilett et

al., 2002). Interestingly, DHA-Glu obtained from the batch reaction was characterised

by the same m/z of 478 (Figure 4.15b). Both of the masses are indicative of the pres-

ence of DHA-Glu since no such mass was observed in control samples. In summary, the

study allowed identifying two key masses that would suggest the successful formation

of a final metabolite of the model reaction in the work.
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(a)

Figure 4.14: DHA glucuronidation over time in batch and in chip.
A) DHA-Glu potentially formed during glucuronidation reaction in batch. DHA
depletion was measured in the samples and by that correlated to the potential
product formation. B) DHA quantity formed within microfluidic chip over same
residence time. Equal amounts of product were collected over 2h time. Results
indicated that less DHA was present in the samples collected over time indirectly
pointing to substrate depletion by the enzyme.
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(a)

(b)

Figure 4.15: DHA glucuronidation reaction product analysis. A) DHA-
Glu was observed in a reaction product obtained from in chip reaction by
m/z=460, which corresponds to the molecular mass of the molecule. B) DHA-
Glu obtained from product sample of batch reaction contained mass of m/z 478
corresponding to ammonium adduct.
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4.3.8 Coupled phase I/phase II drug metabolism

Phase I metabolism of artemether and its successful conversion to DHA were con-

firmed as described in subsection 4.3.4. Additionally, once UGT glucuronidation of the

phase I metabolite to the final metabolite DHA-glucuronide (DHA-Glu) was confirmed,

coupling phase I and phase II metabolism was carried out to see if DHA-Glu can be

produced in the coupled reaction on-chip.

Figure 4.16: LC/MS full scan of the phase I/phase II metabolism reac-
tion sample conducted on the modular platform integrated with elec-
trochemical detection. DHA formed as a result of electrolysis conducted in
P450 chip with the potential of -0.550 mV flows through the second microchannel
compartment immobilised with UGT enzyme corresponding to phase II reaction
catalyst. The final product was collected from the outlet of the phase II mi-
crochannel compartment of the chip and analysed via LC/MS. See Materials
section for LC/MS conditions.

The phase I compartment of the microfluidic chip was coupled to the phase II mimicking

microchannel filled with UGT-enzyme immobilised superparamagnetic beads. Once

substrate solution in buffer was allowed to flow through one reactor volume, an electric

potential of -500 mV was applied to the integrated electrode and electrolysis on-chip

started. The final volume of the coupled reaction was collected into a tube and the

reaction volume was analysed for the presence of the DHA-Glu peak. Coupled phase

I/phase II artemether metabolism experiment was repeated three times. Samples were

analysed using full scan mode as well as selected ion mode (SIM) of LC/MS, for ions
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with mass to charge ratios of 460 and 478, since both ions are representative of the

DHA-Glu molecules. The SIM mode produced peaks for all analysed samples with

various intensity. However, since such peaks were present in control samples as well,

the SIM mode data was not reliable. The full scan mode, however, showed the presence

of both masses (m/z=460 and m/z=478) (Figure 4.16). These masses were not present

in control or buffer samples, which suggests that the AM two-step reaction can run first

by conversion to DHA via electrochemically-driven catalysis, then by DHA conversion

to its final metabolite DHA-Glu on-chip. In summary, the proof-of-concept of DHA-

Glu production on-chip is indicative of the metabolic pathway of artemether which is

suggested and studied in the literature. However, the methods used in other studies

were either in vitro or in vivo investigations, none of them being electrochemically-

driven.

4.3.9 Summary

This study investigated the metabolism of an antimalarial drug, artemether, using a

modular microfluidic platform comprising electrochemically-driven P450 and immo-

bilised phase II UGT enzymatic systems.

A poly(methyl methacrylate) (PMMA)-based microfluidic chip was fabricated with two

microchannels for phase I and phase II enzymatic metabolism mimicry. The phase I

mimicking reaction took place in the P450 compartment of the chip integrated with a

gold electrode immobilised with CYP2B6 (P450) enzyme. The P450 biosensor facili-

tated an electron transfer from the electrode surface to the enzyme eliminating the need

to use an expensive NADPH system required in traditional in vitro experiments. Using

electrochemical techniques, P450 catalysis of artemether was successfully achieved and

the formation of dihydroartemisinin in the chip was confirmed using LC/MS detec-

tion.

Phase II UGT2B7 enzyme immobilised superparamagnetic particles were the core of the

second compartment of the modular microfluidic chip which attempted production of

the phase II metabolite, dihydroartemisinin-glucuronide (DHA-Glu). Mimicking phase

I/phase II metabolism was achieved through coupling two compartments and analysing

final samples of reaction. Presence of the final metabolite, DHA-Glu, as a result of a

reaction conducted on-chip was investigated and confirmed via LC/MS analysis in full
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scan mode. Thus, the full pathway of artemether drug was emulated using electro-

chemical microfluidic platform with immobilised phase I and phase II enzymes.

The modular platform can help in elucidating and establishing metabolism of not only

other antimalarial drugs but also can be used for drug screening and early elimination

of toxic compounds in the drug development pipeline. The system may open doors

to not only exploring genetically variant metabolic enzyme candidates for artemether

but also can be potentially used for studying other antimalarials and different drug

compound metabolism.
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Chapter 5

Summary and Future

Directions

An immobilisation method for fabricating a Transketolase (TK)-immobilised (Poly(methyl

methacrylate) (PMMA) chip used for TK-catalysed conversion of hydroxypyruvate

(HPA) and glycolaldehyde (GA) into its product Erythrulose (ERY) was developed.

The immobilisation technique is specific for PMMA chips, but can potentially be used

for various other materials similar to PMMA. The specificity of the immobilisation

technique to histidine-tagged enzymes makes the method suitable for a wide variety of

enzyme that has a His-tag.

A phase I enzyme, CYP2B6 (P450), immobilised gold-coated electrochemical biosensor

was developed. The biosensor was used on a model reaction of CYP2B6-catalysed

conversion of artemether (AM) to dihydroartemisinin (DHA) drug. Both of these drugs

are important antimalarial drugs that when used with the P450 biosensor serve as

mimicry of phase I drug metabolism in vitro. The novelty of the system is that it

allowed mimicry of artemether metabolism without the need of NADPH and cofactor

system, which is essential in a natural P450 system. Additionally, antimalarial drug

compounds have not been investigated using P450 biosensors and this proof-of-concept

work showed that hydroxylation reaction can be generated using electrochemically-

driven enzymatic system

The P450 biosensor was also integrated into one of two microchannels of a PMMA-based
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modular microfluidic platform. The platform was developed to emulate phase I and

phase II drug metabolism in a coupled reaction. P450 biosensor integrated microfluidic

compartment was able to electrochemically generate AM phase I metabolite, DHA,

on-chip.

Coupling the product of the P450 biosensor integrated microchannel with the phase II

enzyme-loaded microfluidic compartment allowed mimicry of a two-step phase I and

phase II metabolism of artemether drug on-chip. Using the fabricated PMMA modular

microfluidic device, the substrate-enzyme-product chain was mimicked in-flow in an at-

tempt to imitate a natural interconnected human reaction in the liver. A novelty of the

study was in the confirmation of the final metabolite that was produced by this mimicry

system in-flow. Ions of the product molecule of the two-step reaction, DHA-glucuronide

(DHA-Glu), were, although in low quantities, detected by LC/MS analysis in full scan

mode and the reaction was shown to work on-chip. The proof-of-concept study is an

example of an alternative way to investigate human drug metabolism reactions in in

vitro environment.

However, despite the promising results obtained on mimicry of coupled artemether

metabolism on-chip in this study, more investigations need to be carried out to fully

characterise and confirm robustness and reliability of the proposed drug mimicking

platform.

Firstly, one of the major limitations of this study is in analytics, since the used LC/MS

methods were not sensitive enough and did not allow full quantification or deeper

analysis on the produced metabolite contents and concentrations. If a similar study

is carried out in the future, using reliable and sensitive analytics should be a key

aspect of the study such as more sensitive LC/MS/MS method. Additionally, more

characterisation of microfluidic platforms developed for P450 and UGT enzymes needs

to be carried out.

Secondly, immobilisation of P450 on the surface of gold electrodes as well as immobili-

sation of UGT on magnetic microparticles will need to be analysed, if similar work is

carried out in the future. Particularly, the orientation of the P450 enzyme on a gold sur-

face was not investigated in this study. It is known that the orientation of cytochrome

P450 is very challenging to control (Müller, 2014). Immobilising the enzyme through

self-assembled monolayers (SAM) is one strategy to orient the enzymes in a needed
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configuration. However, SAM cannot be used for direct electron transfer applications,

since heme becomes too distant from the gold surface weakening the electron transfer.

In future work, Atomic Force Microscopy studies on enzyme immobilisation could be

considered to complement such biosensor surface investigation.

Thirdly, another addition to the work could be rigorous fluid flow analysis. Fluid flow

and reaction engineering analysis will need to be carried out analytically where possible,

particularly for rectangular cross-sectional microchannel design. CFD analysis would

allow modeling the flow and interactions inside the P450 channel, which is integrated

with an additional P450 biosensor well, by that changing the flow dynamics from the

one typically observed in microchannels with rectangular cross-sections.

Finally, robustness and reproducibility of the experimental results will need to be con-

sidered. In this project, only a proof-of-concept work has been carried out. Several

chips need to be fabricated and experiments carried out will need to be repeated on

several chips to show the reproducibility of results.

Thus, more investigations need to be carried out in future studies. However, overall,

similar P450 biosensor integrated electrochemical microfluidic devices could be useful

in the pharmaceutical industry as a tool for initial screening of drug candidates for

reactivity with compounds and potential drug-drug or food-drug interactions. Fur-

thermore, the bioremediation potential of P450 enzymes can be evaluated by screening

environmental contaminants and pollutants for activity using such a biosensor. A

high-throughput electrode array, fabricated using techniques found in semiconductor

manufacturing, could also be used for personalised medicine by immobilising P450 en-

zyme isoform from an individual on the array and screening for P450 activity with

different combinations of prescribed drugs.

Moreover, coupling and connecting the biosensor to microfluidic channels bearing phase

II enzymatic systems would allow investigating potentially even more than two-step re-

actions solely in a laboratory environment. Combinatorial drug screening, where more

than one P450 enzyme needs to be evaluated, can benefit from similar cascading enzy-

matic chips. Elucidating the structure of a compound produced by such coupled plat-

forms can help to determine if potentially toxic reactive intermediates are being formed.

This would allow investigating the structure of the formed metabolite, which provides

insight into which particular isozymes are involved in the tested drug metabolism.
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Another potential coupled system comprised of the developed phase I-phase II mim-

icking system could investigate the whole drug metabolism in a human body. There is

an evidence that drug metabolism occurs in the gut tissue in a human body to some

extent (Carlson and Fisher, 2008). Therefore, coupling a liver drug metabolism mim-

icking platform with additional fermentation microreactor with gut bacteria could be a

powerful tool to investigate the influence of gut microbiome on liver drug metabolism.

Such platform that is able to mimic the whole drug metabolism pathway in a human

body can complement ”body-on-a-chip” technology.

Microfluidics is a powerful tool in investigations complementary to organ-on-a-chip

models, but taken with electrochemistry and with enzymatic systems, it has even bigger

potential in improving drug development and drug testing fields.
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G. J., Dalby, P. A. and Hailes, H. C. (2010), ‘Non-α-hydroxylated aldehydes with

evolved transketolase enzymes’, Organic & biomolecular chemistry 8(6), 1301–1309.

Cerqueira, M. R. F., Grasseschi, D., Matos, R. C. and Angnes, L. (2014), ‘A novel func-

tionalisation process for glucose oxidase immobilisation in poly (methyl methacry-

late) microchannels in a flow system for amperometric determinations’, Talanta

126, 20–26.

Charmantray, F., Hélaine, V., Legeret, B. and Hecquet, L. (2009), ‘Preparative scale

enzymatic synthesis of d-sedoheptulose-7-phosphate from β-hydroxypyruvate and d-

ribose-5-phosphate’, Journal of Molecular Catalysis B: Enzymatic 57(1), 6–9.

Chen, Y., Zhang, L. and Chen, G. (2008), ‘Fabrication, modification, and application

of poly (methyl methacrylate) microfluidic chips’, Electrophoresis 29(9), 1801–1814.

Cheng, W., Jin, G. and Zhang, Y. (2005), ‘Electrochemical characteristics of poly (o-

aminobenzoic acid) modified glassy-carbon electrode and its electrocatalytic activity

towards oxidation of epinephrine’, Russian Journal of Electrochemistry 41(9), 940–

945.

Cheung, R. C. F., Wong, J. H. and Ng, T. B. (2012), ‘Immobilized metal ion affinity

chromatography: a review on its applications’, Applied microbiology and biotechnol-

ogy 96(6), 1411–1420.

Chikkaveeraiah, B. V., Mani, V., Patel, V., Gutkind, J. S. and Rusling, J. F. (2011),

‘Microfluidic electrochemical immunoarray for ultrasensitive detection of two cancer

biomarker proteins in serum’, Biosensors and Bioelectronics 26(11), 4477–4483.
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Kerb, R., Fux, R., Mörike, K., Kremsner, P. G., Gil, J. P., Gleiter, C. H. and Schwab,

M. (2009), ‘Pharmacogenetics of antimalarial drugs: effect on metabolism and trans-

port’, The Lancet infectious diseases 9(12), 760–774.

Kerby, M. B., Legge, R. S. and Tripathi, A. (2006), ‘Measurements of kinetic parameters

in a microfluidic reactor’, Analytical chemistry 78(24), 8273–8280.

Khetani, S. R. and Bhatia, S. N. (2008), ‘Microscale culture of human liver cells for

drug development’, Nature biotechnology 26(1), 120–126.

174

http://sante.lefigaro.fr/actualite/ 2016/01/21/24518-drame-rennes-protocole-lessai-clinique-accusation
http://sante.lefigaro.fr/actualite/ 2016/01/21/24518-drame-rennes-protocole-lessai-clinique-accusation


REFERENCES

Kim, J., Grate, J. W. and Wang, P. (2006), ‘Nanostructures for enzyme stabilization’,

Chemical Engineering Science 61(3), 1017–1026.
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Appendix A

Table A.1: Prime examples of adverse outcome effects of drugs in
human. Adapted from Marx et al. (2016).

Date/ Sub-
stance

Adverse outcome Pathway/Mode of Action References

1957 - 1961/
Thalidomide

Administered as a sleeping pill and an antidote to morning
sickness suitable for pregnant women, but resulted in trunca-
tion of the limbs and death in new born babies. Thalidomide
or the metabolic breakdown products inhibited transaction
of genes which interferes with normal angiogenesis.

(Fabro
et al., 1965;
Stephens
et al., 2000)

1999/ exper-
imental gene
therapy

Omithine transcarbamylase (OTC) deficiency, a genetic dis-
ease, that prevents the body from breaking down ammonia,
a metabolic waste product. The 18- year-old Jesse Gelsinger
volunteered for a gene therapy experiment designed to test
possible treatments for OTC. Four days after the injection
of the adenovirus, the vector being used to deliver the OTC
gene, he died.

(Verma
et al., 2000)

2004/VIOXX

Specific genetic predisposition, one of the key reasons for
the now common and highly publicised drug withdrawals,
is rarely addressed in preclinical and clinical safety studies
nowadays. A sound hypothesis on the correlation of the
morbidity with polymorphic genotypes for 5-LOX and 5-
LOX activating proteins is one of many examples.

(Dieppe
et al., 2004)

2016/BIA 10-
2474

Clinical testing on an experimental fatty acid amide hydro-
lase inhibitor from Bial-Portela & Ca. SA, led to six patients
being hospitalised on January 10, 2016 in France. Testing
was stopped on January 11. One volunteer died. The drug,
aiming to treat mood and motor disorders, had previously
been tested in mice, rats, dogs and monkeys with no adverse
effects. Species differences in inhibitor activity have been
discussed to be particularly problematic in drug discovery
because in vivo efficacy models are largely based on rodent
studies, but the candidate inhibitor is ultimately developed
as a human drug.

(Jouan,
2016)
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Appendix B

Preparation of MagicMediaTM E. coli Expression

Medium

The following protocol has been taken from Invitrogen (2014) (Publication Number: MAN0001512).

Reconstitute MagicMediaTM Component A (dry powder)

1. Add the entire pouch of MagicMediaTM Component A to 950 mL ultrapure water in an

autoclavable flask.

2. Autoclave on liquid cycle for 20 minutes. Cool media to 37◦C .

3. Add selective antibiotic of choice (e.g. 100 µg/mL ampicillin) depending on the resistance

gene in your vector. Use sterile technique during addition of antibiotic. Proceed to Add

MagicMediaTM Component B, below.

Note: Media colour may be slightly darker after autoclaving. This is normal and will not affect

product performance.

MagicMediaTM Component A Ready-To-Use Liquid (supplied as a sterile solu-

tion)

1. Using sterile technique, add a selective antibiotic of choice (e.g. 100 µg/mL ampicillin)

depending on the resistance gene in your vector.

2. Proceed to Add MagicMediaTM Component B, below.

Add MagicMediaTM Component B

To prepare complete medium immediately before inoculation, add the entire volume of MagicMediaTM
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Component B to MagicMediaTM Component A (containing antibiotic of choice) using ster-

ile technique and mix by swirling the flask. Store unused complete medium at 4◦C for one

month.

Starter culture

A starter culture is recommended for MagicMediaTM expression culture volumes >100 mL. To

make a starter culture, inoculate 1/20 of the final culture vessel volume of LB media + selective

antibiotic with your colony and grow overnight with shaking at 37◦C. For expression culture

volumes of <100 mL, directly inoculate MagicMediaTM medium with the colony.

Inoculation protocol

1. Add complete MagicMediaTM medium to sterile tubes or flasks according to the culture

vessel size recommendations above.

2. Use sterile technique to inoculate the colony directly into the medium. Be sure to patch

the colony onto a separate selective plate if needed. If you are using a starter culture,

add the entire volume to MagicMediaTM medium using aseptic technique.

3. Cap tube or flask and secure in incubator.

4. Incubate at 30◦C or 37◦C with vigorous shaking (300 rpm) for 18-24 h.

Figure B.1: Calibration graph of absorbance measured at 595 nm as
a function of BSA concentration by Bradford assay. A linear function is
described by y=0.406±0.008 equation.
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Figure B.2: Calibration graph of absorbance measured at 561 nm as a
function of BSA concentration by BCA assay. The linear fit is described
by y=0.0010±0.0004 equation.

(a)

(b)

Figure B.3: Calibration graph of integrated optical density measured
from BSA bands on SDS-PAGE gels as a function of BSA concentra-
tions. Molecular weight: 70 kDa, Rf=0.25
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Figure B.4: SDS-PAGE gel sample with clarified lysate. Lane M corre-
sponds to a SDS marker, Lanes 1 and 2 correspond to the clarified lysates ran on
SDS-gel. Densitometry methods were applied on bands corresponding to TK (70
kDa) and quantified for protein concentration.

Table B.1: Determination of TK content in a clarified lysate via den-
siometry studies on SDS-PAGE gel bands corresponding to the TK.

Lane Band Lane % MW Rf

Marker (M) 4 32.69 70 0.2481
1 (TK lysate) 5 23.61 74.75 0.2481
2 (TK lysate) 5 24.29 71.10 0.2623

Preparation of Borate Buffer

50x Stock

1. Add 20 g of NaOH into a bottle

2. Bring pH to 8.0 with approx 120 g H3BO3 (boric acid powder)

3. bring to 1 L with dH2O

NOTE: Keep the bottle on a heater with a magnetic mixer. This stock will precipitate

over time, requiring heat to re-dissolve crystallized salts before dilution.

1x Working Buffer

1. 20 ml of 50x stock
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2. 980 ml dH2O

NOTE: The pH of the working solution will be higher than that of the 50x stock. NOTE: Do

not re-use 1x solution for more than a day.

Table B.2: Translation to concentration terms

50x Stock: 500 mM NaOH with H3BO3

1x Working buffer: 10 mM NaOH with H3BO3
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Appendix C

Calibration curves for HPLC analysis

(a) (b)

Figure C.1: Erythrulose (ERY) and hydroxypyruvate (HPA) calibration curves
used for quantification of ERY and HPA in batch and continuous reactions.
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Appendix D

Calculation of internal surface area of the mi-

crofluidic device and minimum amount of bound

enzyme on the internal surface of the channel

Figure D.1: Cross-section of the microfluidic channel and representa-
tion of monolayer of enzymes on its surface. Poly(methyl methacrylate)
(PMMA) microfluidic device is laser cut and has two grooves depicted in grey
colour in the figure. Yellow spheres represent immobilised enzyme on a PMMA
microchannel.

A completely flat microchannel surface was assumed. The total internal surface area of the

microchannel was calculated as follows. The cross section of the microchannel Figure D.1

was regarded as a rectangle with additional rectangular grooves. By using designed length of

the microchannel (280 mm), perimeters of rectangles were calculated representing surface areas

of groove and inner microchannel walls as follows:

Stop = Sbottom = 280 mm · 0.75 mm = 210 mm2 (D.1)
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Sside = 280 mm · 0.5 mm = 140 mm2 (D.2)

Sgroovesidesurface = 280 mm · 0.3 mm = 84 mm2 (D.3)

Stotal = Stop + Sbottom + 2 ∗ Sside + 4 · Sgroovesidesurface = 1036 mm2 (D.4)

Additional surface area is provided by grooves, and we account for the surface area of the sides

of grooves only, as the top surface of groove is considered in Sbottom. Thus, the total surface

area was estimated as 1036 mm2.

Assuming 1-step and 3-step immobilisation methods give a monolayer of TK, and the surface

accommodates only bonds that are perpendicular to the surface of the channel, the amount

of TK immobilised was estimated. This was the theoretical amount based on a model of

monolayer enzyme coverage when bound to a plain surface using the molecular weight of the

dimeric (active) form of transketolase (MW = 145 kDa). Assuming saturated binding of His-

tagged TK on the inner surface of microfluidic device channel forms a monolayer of spherical

molecules, lengths of bonds being the same; the quantity of bound enzyme was estimated. The

total internal surface area of the microchannel is 1036 mm2. Fischer et al. (2004) reported

that the average density for proteins with MW more than 20 kDa is approximately 1.4 g·cm−3

(Fischer et al., 2004). The radius of each TK molecule then can be estimated as follows.

Protein volume ≈ 4

3
· π · r3 (D.5)

or,

MW

ρ ·Na
≈ 4

3
· π · r3 (D.6)

By using

r = 3

√
3

4 · π
· MW

ρ ·Na
= 3

√
3

4 · π
· 72, 500

1.4 · (6 · 1023)
= 0.0027 µm (D.7)

Finding the protein area by

A = π · r2 (D.8)

and knowing the total internal surface area of the microchannel (stated above), we can estimate
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how many protein molecules can be accommodated by the internal surface.

N =
1036 · 106µm2

2.36 · 10−5µm2
= 4.4 · 1013 molecules (D.9)

Moles of TK =
Molecules

Na
=

4.4 · 1013

6.02 · 1023
= 7.3 · 10−11 mol (D.10)

Thus, the mass of TK immobilised in the microchannel was estimated as:

Mass of TK = Moles ·MW = 0.73 · 10−10 · 72, 500 = 52925 · 10−10 = 5.3 µg (D.11)

Thus, theoretical amount of enzyme, which can be bound under the assumption that TK

molecules form a monolayer on the inner surface of a channel, which is assumed to be even and

flat, is 5.3 µg.

Figure D.2: SDS-PAGE gel of collected flow through fractions from the
control microfluidic device with no surface treatment of the microchan-
nel. SDS-PAGE gel of samples of loaded TK lysate and the flow through frac-
tions. Lane 1: SDS Marker; Lane 2,3: 2x diluted TK lysate sample and 1st wash
out fraction, respectively; Lane 4-9: wash fractions. Protein wash out was ob-
served in all wash out fractions indicating no protein retention in the microfluidic
device channel as expected.
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Appendix E

Fluorescent drug compound calibration curves

(a) (b)

Figure E.1: 7-hydroxy-4-trifluoromethylcoumarin (HFC) calibration
curves used for a fluorescent assay in determining UGT2B7 enzyme
reaction kinetic parameters
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Graphical determination of kinetic parameters

(Reproduced from Biochemical Reaction Engineering course lecture slides with a permission

from Prof. Nicolas Szita)

Lineweaver-Burke (LB)

Graphical Determination of Kinetic Parameters
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where [S] - substate;

Km [mol.L−1 = M] (Michaelis constant) is the dissociation constant for enzyme-substrate under

the velocity condition; its inverse can be interpreted as an ’affinity’ of the enzyme to the

substrate.
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Eadie-Hofstee (EH)

Graphical Determination of Kinetic Parameters
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Figure E.2: Thin-layer chromatography plate with visible spots corre-
sponding to artemether (AM) and dihydroartemisinin (DHA).

Figure E.3: LC/MS chromatogram peak corresponding to artemether.
AM was detected at retention time of 12 min.

Figure E.4: LC/MS chromatogram peak corresponding to dihy-
droartemisinin. DHA was separated at 16.4 min retention time
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(a)

(b)

Figure E.5: Dihydroartemisinin calibration curves. a) DHA calibration
curve for concentrations of standards up to 10 µM. b) DHA calibration curve
for concentrations of standards up to 100 µM. Height of the peaks obtained on
LC/MS chromatograms were plotted against the corresponding DHA concentra-
tions of standards.
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