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Abstract

At present, most of the tests involved in personalized medicine are complex and must be
conducted in specialized centers. The development of appropriate, fast and inexpensive
diagnostic technologies can encourage medical personnel in performing preventive tests,
providing the driving force to push users, industry and administrations to the adoption of
personalized therapy policies. In this respect, the development of new biosensors for various
healthcare applications needs may represent a concrete incentive.

The objective of this PhD project is the development of a fully implantable biosensor plat-
form for personalized therapy applications. The thesis present innovative research on the
electrochemical detection of common marketed drugs, drug cocktails, glucose and ATP with
biosensors based on cytochromes P450 and different oxidases. The inclusion of carbon nan-
otubes provided increased sensitivity and detection limit, enabling the detection of several
drugs in their therapeutic range in undiluted human serum.

A miniaturized, passive substrate capable to host 5 independent biosensor electrodes, a
pH sensor, a temperature sensor as well as an interface for the signal processing electron-
ics has been designed, microfabricated and tested. Different and reproducible nano-bio-
functionalization for the single electrodes was obtained with high spatial resolution via selec-
tive electrodeposition of chitosan/carbon nanotubes/enzyme solutions at the various elec-
trodes. The array, completely fabricated with biocompatible materials, was then integrated
with a CMOS circuit and a remote powering coil for the realization of a fully implantable device.

The assembled system has been packaged with an inner moisture barrier in parylene C, to
prevent circuit corrosion and toxic metals leaking, and an external biocompatible silicone
shell to improve the host tolerance and reduce the local inflammation. The efficacy of the
parylene barrier, as well as the toxicity of carbon nanotubes, has been assessed with in-vitro
cytotoxicity tests conform to the 1SO-109931 standards. The final packaged device was then
implanted in mice to assess its short-term biocompatibility. Comparison between 7 and 30
days in in vivo implantations showed significant reduction of the inflammatory response in
time, suggesting normal host recovery.

Keywords: biosensors, implantable, carbon nanotubes, cytochromes P450, ATP, packaging






Sommario

Al giorno d’oggi, la maggior parte dei test di medicina personalizzata sono complessi e ne-
cessitano di infrastrutture dedicate. Lo sviluppo di un sistema di analisi semplice, rapido e
poco costoso pud incoraggiare il personale medico a prescrivere e ad effettuare test preven-
tive, e quindi promuovere I’adozione di procedure di terapia personalizzata tra gli utenti, le
amministrazioni e le aziende produttrici. In questo contesto, lo sviluppo di biosensori per
applicazioni sanitarie puo’ rappresentare un incentivo concreto.

L'obiettivo di questo progetto di dottorato é lo sviluppo di una piattaforma di biosensori
completamente impiantabile, da utilizzare in applicazioni di terapia personalizzata. La tesi
presenta ricerca innovativa sul rilevamento elettrochimico di farmaci, cocktail di farmaci,
glucosio e ATP, con biosensori basati sul citocromo P450 e diverse ossidasi. L'integrazione
di nanotubi al carbonio nei biosensori garantisce un aumento di sensibilita e di limite di
rilevamento, permettendo la misura di diversi farmaci nel loro range terapeutico in campioni
di siero umano non diluito.

Una piattaforma capace di ospitare fino a 5 diversi biosensori, un sensore di pH, uno di tem-
peratura e un microchip elettronico é stata sviluppata, micro- fabbricata e testata. | singoli
elettrodi sono stati funzionalizzati con alta precisione spaziale, in modo selettivo e riprodu-
cibile mediante elettrodeposizione di soluzioni contenenti chitosan, enzimi e nanotubi al
carbonio. La piattaforma, completamente fabbricata con materiali biocompatibili, é stata poi
integrata con un circuito CMOS e una spirale di alimentazione a induzione per la realizzazione
di un dispositivo completamente impiantabile.

Il sistema assemblato é stato protetto con un microstrato di parylene C per prevenire corrosio-
ne dei circuiti e rilascio di metalli tossici, e un guscio esterno di silicone biocompatibile per
migliorare la tolleranza del dispositivo nell’ospite e ridurre I'inflammazione locale. Lefficacia
della barriera di parylene, cosi’ come la tossicita dei nanotubi al carbonio, sono state testate
con esperimenti di citotossicita in-vitro conformi agli standard 1SO 10993-1. Il dispositivo é
stato poi impiantato in topi per misurarne la biocompatibilita a breve termine. Un confronto
tra topi con dispositivi impiantati per 7 e 30 giorni ha dimostrato una significativa riduzione
della risposta inflammatoria nel tempo, suggerendo una normale guarigione dell’ospite.

Parole chiave: biosensori, impiantabile, nanotubi al carbonio, citocromi P450, ATP, packaging
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i} Introduction

“All substances are poisons : there is none which is not a poison. The right dose
differentiates a poison and a remedy”

Paracelsus (1493-1541)

1.1 Prospects for “personalized medicine”

Medicine is the science or practice of the diagnosis, treatment, and prevention of disease based
on the best information available about a person’s physical and mental state. The traditional
approach to medicine relies on the trial-and-error model: make a diagnosis, prescribe a
drug, evaluate patient response, and change medication or dosage if the outcome is not
effective. The effect of trial-and-error medicine is huge in terms of both lives and money; as
example, most of drugs prescribed in U.S. resulted effective in fewer than 60% of patients
(Figure 1.1). The reason behind low efficacy is that drugs are developed and administered
without considering the innate differences among individuals. The result is that for a same
prescription, four different outcomes can be prospected:

e The drug is effective and well tolerated.

e The drug is effective but originates adverse drug reactions.

e The drug is not effective but well tolerated.

e The drug is not effective and poorly tolerated.
This approach costs the health care system millions of unnecessary dollars in wasted therapies
and a consistent life toll, as patients with acute diseases often survive few months if not treated

properly, and adverse drug reactions can be sometimes life threatening. In the last decades,
advances in basic sciences have contributed numerous new diagnostic approaches which



Chapter 1. Introduction

led to increased accuracy in diagnosis and remedies, allowing more focused, specific, and
effective treatments.

These developments have vastly expanded doctors’ power to customize therapy; however, the
trial-and-error approach persists even when these technologies are available. The reason is
that a full transition from trial-and-error medicine to personalized medicine is not only due to
technological barriers but also to industrial and administrative reasons [11].

Due to the huge costs of research, the drug discovery process still focuses on the development
of medications capable to target as many patients as possible (blockbuster model); there is
therefore little interest in commercializing pharmaceuticals addressed to a particular sub-
population. Incentives to develop diagnostics procedures together with specific drugs could
push pharmaceutical companies towards a different policy, more oriented to the individual
[175]. In addition, the reimbursement system rewards physicians more for procedures and
prescriptions, and undercompensates them for the effort spent in making early diagnosis and
prevention. Unless a diagnostic test can be performed in a doctor’s office, the physician has
no financial incentive to order it [11].

At present, most of the tests involved in personalized medicine are complex and must be
conducted in specialized centers. The development of a quick and easy system for person-
alized analysis can therefore encourage medical personnel in performing preventive tests.
The research of appropriate, fast and inexpensive diagnostic technologies can provide the
driving force to push users, industry and administrations to the adoption of personalized
therapy policies. In this respect, the development of new biosensors for various healthcare
applications needs may represent a concrete incentive.

Therapeutic area  Rate of efficacy with standard drug treatment
25%
30%

Cancer (all types)

Alzheimer's disease

Incontinence [EIEA
Hepatitis C VA2
Osteoporosis G
Rheumatoid arthritis [EEIUZ)
50%
52%
57%
60%

60%

Migraine (prophylaxis)
Migraine (acute)
Diabetes

Asthma

Cardiac arrhythmias
Schizophrenia [GEA

62%

Depression

For depression, the data apply specifically to the drug class known
as selective serotonin reuptake inhibitors.

Figure 1.1: Rate of efficacy of standard drug treatments for some major pathologies [11].
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Figure 1.2: Potential biosensor applications [118].

1.2 Opportunities for biosensors in healthcare

A biosensor is a device for the detection of an analyte that combines a bioelement, capable
to detect a chemical, physical or biological property of a specific analyte, and a transducer,
that transforms the signal resulting from the interaction between analyte and bioelement
into another signal that can be more easily measured and quantified. Basic concepts about
biosensor classification and fabrication are well reviewed in literature [118]. Applications for
biosensor technology are emerging in the fields of medicine, agriculture, biotechnology as
well as the military and bioterrorism detection and prevention, as shown in Figure 1.2. This
section reviews impact and perspectives of biosensors in healthcare applications.

The necessity and the possibility to find means to objectively assess the health of a patient,
together with the increasing knowledge on biomarker? profiles of certain diseases, caused in
recent years a major increase in the average number of diagnostic tests performed. According
to the Molecular Diagnostics Survey Reports, diagnostics influence approximately the 70% of
health care decisions [31]. Currently, testing for established biomarkers is typically performed
at centralized laboratories using large automated clinical analyzers. This may force patients
to wait a considerably long time, sometimes under enormous psychological stress, for the
outcome of the test [109]. In contrast, biosensors have the potential to provide rapid, real-time,
and accurate results at the physician’s office, in accident and emergency departments, or even
at the patient’s bedside.

With respect to health care applications, the features that a biosensor should have are related
to its specific employment. In this respect, it may be useful to classify biosensors according to
their assay format, labeled or label-free; their analytical capability, single- or multi-parameter,
and their reusability, single- or multi-use.

Labeled detection exploits the presence of an external agent that produces a measurable signal

1A Biomarker is a distinct biochemical, genetic, or molecular characteristic or substance that is an indicator of a
particular biological condition or process
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in case of an event of biological recognition between the target analyte and the bioelement.
Common labels include enzymes, radionuclides, nanoparticles and fluorescent probes. An
example of labeled detection is the DNA microarray technology, in which the interaction
between complementary DNA sequences is revealed by marking the target DNA with a fluores-
centcompound. At present, labeled test formats are widely exploited for their high-throughput
screening capability, and their higher sensitivity to lower concentrations. For example, DNA,
RNA, protein, cells and tissue microarrays relying on labeled detection are extensively used in
the fields of predictive medicine and pharmacological research [81, 177]. An example is the
Amplichip microarray, a commercial assay for the detection of P450 2D6 and 2C19 genetic
variability [46].

Label-free detection reduces sample preparation and assay costs. Test formats exploit elec-
trochemical, optical, acoustic and thermal transduction mechanisms and are capable to give
an immediate response. Due to their low cost of realization, easiness to use, and immediacy,
electrochemical label-free biosensors are particularly interesting for the realization of point-
of-care devices and self-testing applications. Widely known examples are the commercial
devices for glucose self-monitoring in diabetic patients (http://goo.gl/x9dG6), and recently,
commercial kits for blood clotting monitoring during warfarin therapy (http://goo.gl/XzTxn).

Available commercial self-test biosensors are designed to determine a single analyte only;
this restricts their market to few utilizations. There is still demand for advanced and more
complex biosensor devices, particularly in the field of multi-parameter diagnostics (RAPP2010).
Promising applications for multi-parameter biosensors could be found in the metabolic
profiling of a patient or in the therapeutic drug monitoring, both described in the next sections.

Patients’ compliance represents another driving force in the future biosensors direction. While
some applications may require sporadic self-testing, for example an allergy test, or a pregnancy
test, in other cases there is a daily need for measurement, as in case of glucose monitoring in
diabetes, or in the follow up of hospitalized patients in life-threatening conditions. While in
the first case the development of single-use biosensors is more indicated, in the second the
realization of fully implantable systems would represent a major breakthrough, since periodic
measurements, as well the communication of anomalous parameters to the patient or the
physician can be completely automatic. Up to date, no commercial fully implantable biosen-
sors are being commercialized, although a promising prototype for glucose was successfully
implanted in pigs and maintained its functionality for one year [64].

In conclusion, biosensors can provide quick, inexpensive and accessible diagnostic technology
which can contribute to the diffusion of various personalized medicine practices. The next
sections will describe state-of-the-art and current practice in the personalized-medicine
approach.


http://goo.gl/x9dG6
http://goo.gl/XzTxn
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1.3 State-of-the-art in personalized medicine: the —omics sciences

The so-called —omics sciences, pharmacogenomics, transcriptomics, proteomics and pharmaco
metabonomics represent the state-of-the-art in our ability to predict the reaction of a patient
to a specific therapy [121].

e Pharmacogenomics: 20 to 25% of all drug therapies lead to different therapeutic out-
comes because of genetic differences [80]. Pharmacogenomics is a branch of pharma-
cology which correlates gene expression or single nucleotide polymorphisms (SNP)?
with efficacy or toxicity of drugs. The goal of pharmacogenomics is to optimize a therapy
according to the unique genetic profile of patients®, ensuring maximum efficiency with
minimal adverse effects. Pharmacogenomics represents the whole genome application
of pharmacogenetics, which examines single gene interactions with drugs. In cancer
therapy, pharmacogenomic assessment of drug metabolizing enzymes can improve
the ability to optimally dose patients treated with agents such as 6-mercaptopurine,
irinotecan, tamoxifen, and flurouracil. Two of these agents (6-mercaptopurine and
irinotecan) already have mention of pharmacogenomic testing in their FDA-approved
package insert [164]. However, the predictive power of this discipline has limitations
due to the complexity of genetic variability and expression, and to non-genetic alter-
ations of metabolism. The cytochrome P450 2D6 (CYP2D6), which presents over 75
polymorphisms, is a valid example of genetic variability. Unless every variant site in the
genome is tested is therefore difficult to ascertain a univocal correspondence between
genetic profile and metabolism. CYP1A2 is another example of complexity of genetic ex-
pression. 33 different allelic variants have been reported, with different levels of activity
or inducibility. A study reported by [82] on CYP1A2 concluded that genotyping cannot
unequivocally be used to predict the metabolic phenotype in any individual patient.
The bottom line is that pharmacogenomics alone cannot provide absolute certainty in
predicting drug responses for individual patients.

e Transcriptomics. The process of protein formation is complex. The DNA from one
gene must be transcribed* into mRNA before being translated® into a protein sequence.
The transcription is not straightforward: only some parts of a gene called exons contain

2/ SNP is a genetic variation in a DNA sequence that occurs when a single nucleotide — A, T, G or C - in a genome
is altered; SNPs are usually considered to be point mutations that have been evolutionarily successful enough to
recur in a significant proportion of the population of a species

3When speaking of unique characteristics of an individual two terms are extensively used: the genotype, is the
genetic makeup of an organism with reference to a single, a set, or an entire complex of traits; the phenotype is the
expression of a specific trait, such as a stature or blood type, based on genetic and environmental influences.

4Transcription is the process of copying genetic information from DNA to RNA. The term is used because the
chemical structure of RNA as well as the chemical “code” employed is practically identical to the one of DNA. By
analogy it is like copying something from paper to the computer. Different supports - nucleic acids, same rules —
triplets of nucleotides.

STranslation is the process of transferring genetic information from RNA to protein. Chemical code and support
conveying the information in this case are different; hence the term translation is used. By analogy, translation is
the same of reading a blueprint (RNA) and realizing the project described (protein).
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the structural information needed for the protein assembly. In simple words, like a Lego,
different exons from the same gene combined together produce different mRNA that
will be used to assemble different proteins®. How the exons are assembled together
and how much mRNA is produced greatly affects the phenotype. Transcriptomics is the
discipline that studies the gene transcripts, and with respect to personalized therapy
has led to several breakthroughs. For example, transcriptome analysis of some tumors
has successfully correlated gene expression with patient prognosis and therapy respon-
siveness. [168]. The drawback of Transcriptomics is due to difficulty of reparability of
sources for transcript analysis (typically from biopsies). In healthy individuals it is both
unreasonable and unethical to attempt to predict drug responses from tissues slices
coming - for example — from brain and liver [121].

e Proteomics. Proteomics is the large-scale study of proteins, particularly their structure
and functions. After genomics and transcriptomics, proteomics is the next step in the
study of biological systems. Quantification of gene transcription gives only a rough esti-
mate of its level of expression as a protein: first, a mRNA produced in abundance may
be degraded rapidly or translated inefficiently, resulting in a small amount of protein;
second, after translation many biomolecules undergo post-translational modifications,
typically chemical modifications like phosphorylation, glycosylation, acetylation, or
enzymatic cleavage which strongly affect their activity. Proteomics also accounts for
protein degradation and protein interactions, which cannot be evaluated with using
the former two disciplines. At present, proteomics suffers the same limitation of assay
sources as Transcriptomics; moreover reproducibility is low. For example, [129] and
[170] both compared the proteome of yeast finding only 57-59% of homology between
results. In future proteomics might enable investigators to identify protein profiles
correlated with either efficacy or adverse drug reactions, however at present, knowl-
edge in this field and experimental methodologies are not sufficiently mature for mass
application of this approach.

» Pharmaco-metabonomics’. The big picture emerging from genomics, transcriptomics
and proteomics is that living systems, at every level of organization (genes, transcripts,
proteins, cells, organs, body, and environment) are affected by factors that alter the
metabolism (mutations, expressions, age, weight, lifestyle etc...). As consequence, ev-
ery discipline focusing on a specific level of organization to forecast the body response
respect to a specific stimulus (i.e. an administered drug), leads to approximate predic-
tions, as it does not take in account how next level will affect the outcome. Metabolites
are the end products of cellular regulatory process, and their levels can be regarded as
the ultimate response of biological systems to genetic or environmental changes. The

5The DNA, including non-coding sequences is initially transcribed into an mRNA called primary transcript.
Before translation, the primary transcript is subjected to RNA splicing, a process which “cuts and paste” together
the exons. After the splicing and other chemical modifications aimed to increase the stability, the mRNA is called
mature and is ready to be translated into protein.

Parallel to trascriptome, or proteome, the set of metabolites synthetized by a biological system is known as
metabolome.
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metabonome represent an integrated analysis, of all endogenous and exogenous stim-
uli such as drugs, environmental exposures, lifestyle, age, sex, menstrual and diurnal
rhythms, seasonal effects, diet, virus, bacteria and parasites [121]. The potential to fol-
low a patient phenotype as function of age, nutrition, course of disease and drug therapy
from samples of urine, blood, or other excreta holds great promise in personalization of
drug therapy and also great opportunities for the realization of multi-parameter biosen-
sors. The work of [41] provides the first proof-of-principle of the metabonomic approach
for a personalized drug treatment: by using NMR spectroscopy, the group compared the
metabonomic profile obtained from urine samples of rat collected before and after the
administration of paracetamol, and correlated the results obtained with histopathologic
analysis of liver tissue. The study found a statistically significant relationship between
pre-dose data and post-dose variation in histopathology and in the urinary level of a
drug metabolite relative to its parent, demonstrating that drug induced responses in
individuals are potentially predictable their pre-dose metabolite profiles. Unfortunately,
with respect to cheap biosensor opportunities, pharmaco-metabonomics is, for the mo-
ment, too advanced. High sensitivity techniques and profiling of hundreds of different
metabolites at once are necessary for a correct metabonomic profiling.

Genomics, Transcriptomics, proteomics and metabonomics investigate on different levels the
causes that lead to a specific therapeutic outcome, and the combination of these disciplines
will grant in future a high degree of therapy personalization; however for some applications a
simple prediction of drug response is not enough to ensure safe drug administration, as for
several medications the difference between a harmless dose and a toxic one is very narrow.
Drug dosage and its concentration in the body have a direct effect on strength, time and
reversibility of a drug, so the development of dose-response models is central to determining
safe and hazardous levels and dosages for a compound. The therapeutic drug monitoring
(TDM) is a multi-disciplinary clinical specialty aimed at improving patient care by individ-
ually adjusting the dose of drugs for which clinical experience or clinical trials have shown
it improved outcome in the general or special populations. As it will be explained in the
next chapter, the TDM practice is a field which can greatly benefit from the development of
innovative biosensors.

1.4 Thecurrentpractice in personalized therapy: Therapeutic drug
monitoring

The philosophy of TDM can be summarized with a simple statement:

Only a narrow drug concentration can grant a beneficial effect and absence of
adverse reactions, therefore the more we control the drug concentration in the body,
the more we improve efficacy and safety of a given therapy.
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Although the above statement looks simple, concepts like narrow drug concentration, efficacy,
and concentration control are not straightforward. Exhaustive understanding of what TDM is,
when it should be used, and how biosensors can improve its practice, implies the introduction
of some pharmacology concepts. The first thing which is necessary to know is the relationship
between drug concentration, therapeutic effect and side effects; a concept explained by
pharmacodynamics; the second, is which factors affect drug concentration during time, a
concept explained by pharmacokinetics.

1.4.1 Relevance of pharmacodynamics in TDM

Pharmacodynamics describes the actions of a drug on the body and the influence of drug con-
centrations on the magnitude of the response. Most drugs exert their effects, both beneficial
and harmful, by interacting with cellular receptors. Drugs act as signals, and their receptors
act as signal detectors. Receptors initiate a series of reactions, the transduction cascade, that
ultimately result in a specific response. The magnitude of the response is proportional to the
number of drug-receptor complexes according to the following relationship

Drug Receptor Drug/Receptor complex ¥ Biologic ef fect

Connections between biological effect and drug concentration are clearly visualized with
concentration-response curves, which enable the calculation of two fundamental drug proper-
ties: potency and efficacy.

< Potency is a measure of the amount of drug needed to produce a response of given
intensity. It is expressed as the Median Effective Concentration (EC50) or the amount of
the drug that produces the 50% of the maximal response. The smaller is the EC50, the
more potent is the drug.

» Efficacy is the ability of a compound to elicit a response when interacting with a receptor.
It is dependent by the total number of drug/receptor complexes and by the receptor
efficiency in initiating the transduction signal (receptor coupling).

Figure 1.3 illustrates the concentration-response curve of three drugs showing different poten-
cies or efficacies. Another application of concentration-response curves is the visualization
of drug interactions. Pharmaceuticals may either activate or inhibit a receptor transduction.
Molecules of the first type are called agonists; while compounds of the second group are called
antagonists. The way a second compound bounds to the receptor, as well as its concentration,
affect potency and efficacy of a specific drug and can lead to unwanted effects. This explains
why drug monitoring is important when assuming drug cocktails.

Pharmaceuticals safety is evaluated in-vivo using quantal dose-response relationships, which
relate the amount of drug administered (dose) to the percentage of individuals achieving
a particular biological effect, such as therapeutic action or side effect. Figure 1.4 shows a

8
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Figure 1.3: Examples of concentration-response curves [114]

quantal dose-response curve for the therapeutic (blue) and side effect (red) of a generic
drug, and introduces some points widely used in the pharmacodynamic characterization of a
compound:

NOEL and NOAEL - No Observable (Adverse) Effect level, correspond to the lowest
experimental dose where no measurable effect is known.

LOEL and LOAEL - Lowest Observable (Adverse) Effect Level, is the point at which a
drug response is observed for the first time.

ED50 - Median Effective Dose, is the dosage inducing the wanted effect on the 50% of
the population.

TD50 — Median toxic Dose, is the drug amount causing a particular side effect on the
50% of the population.

Drug safety is evaluated with the therapeutic index (TI), the ratio between TD50 and ED50;
a second method, is the calculation the margin of safety (MOS), the ratio between the drug
dosage which is lethal to the 1% of animals (LD01) and the dosage effective to the 99% of
subjects (ED99). The most important concept of dose-response plots is that the more the two
curves are close the more a drug is likely to generate side effects if incorrectly administered,
as even slight variations in concentration may be sufficient to generate side effects (Figure
1.5). Acommon feature of compounds subjected to therapeutic drug monitoring is their low
therapeutic index.
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Figure 1.4: Example of Dose-response relationship for the therapeutic and the side effect of a generic
drug.
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Figure 1.5: Example of dose-response curves for a generic high risk drug. The toxic effect appears at
low dosages.

1.4.2 Relevance of pharmacokinetics in TDM

Once administered through one of the several available routes (i.e. from a pill or injected), the
body interacts with the medication, affecting the speed of onset of drug action, the intensity of
the effect, and the duration of drug action [114]. Monitoring what the body does to a medicine
is therefore critical in the optimization of the therapeutic regime.

The ensemble of body “actions” on a drug is called pharmacokinetics (PK) and it is divided in 4
phases known under the acronym ADME: Adsorption, Distribution, Metabolism, Excretion®.

Most medicines in intensive care are given intravasculary, but when they are delivered by other
routes, for example in form of a pill, Absorption has to happen across several physiological
barriers, like the gastrointestinal tract. In this respect, the bioavailability is the drug proportion
that actually reaches systemic circulation. Distribution occurs when the formulation leaves

8Although not treated here, an additional initial phase, the drug Liberation from its form, is object of specific
pharmacokinetic studies

10
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the vascular system to different compartments, either tissues or organs. Drug metabolism
converts the medicines into molecules easier to eliminate; while excretion is the irreversible
elimination of a compound from the body. Drug formulation, delivery route and frequency
of administration, inter-individual differences, as well as patient compliance affect all the
stages of pharmacokinetics. The therapeutic drug monitoring focus on drugs subjected to
high pharmacokinetic variability.

Figure 1.6: Time variation of plasma concentration of a generic drug administered shows
the time variation in plasma concentration of a generic drug administered orally. Since the
medicine is not directly injected in the bloodstream, there is an initial adsorption phase in
which plasma concentration builds up to a maximum value, Cyax. After this peak, plasma
concentration gradually decreases due to distribution, metabolism and excretion. The figure
also present two important parameters: the therapeutic range is the plasma concentration
comprised between the minimal effective concentration (MEC) and the minimal toxic concen-
tration (MTC), while the duration of action corresponds to the time in which plasmatic drug
levels are in the therapeutic range.

The purpose of multiple doses is to maintain the therapeutic range for all the duration of
therapy. After several administrations, the drug begins to accumulate in the body. At a certain
point in therapy, the amount delivered during a dosing interval replaces the drug excreted;
when this equilibrium occurs, peaks and through drug concentrations are the same for each
additional dose given and a steady state condition is reached (Figure 1.7).

As shown by Figures 1.6 and 1.7, in a dosing study it is important to consider peaks (highest
concentration) and throughs (lowest concentration) of drug levels following dose administra-
tion. Blood samples are drawn at a prescribed time after the dose is administered to capture
the peak concentration, another sample must be drawn prior to the next dose to capture
the through level; sample timing depends by the drug type and route of administration and
adsorption. Accurately timing drug administration and sample collection is therefore critical
to fine-tune the patient’s dosage, and to ensure an accurate measurement of plasmatic con-
centrations [65]. A continuous and automated monitoring of drug levels can therefore help

c PIE— Therapeutic
AN Range

Concentration

Onset
time o Time

Figure 1.6: Time variation of plasma concentration of a generic drug administered orally.
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Figure 1.7: Effect of multiple doses and drug steady state.

achieving maximum precision in TDM practice.

1.5 Therapeuticdrug monitoring practice and opportunities for biosen-
sors technology

The previous sections explained why narrow therapeutic index and pharmacokinetic variabil-
ity are potential sources of adverse drug reactions. This section will provide a brief description
of TDM practice and explain how the implementation of biosensors can provide benefits to
this discipline.

TDM is requested as aid for the manipulation of the current medication regimen for patients
that are unresponsive to a given therapy; in case of suspected toxicity; to assess the compliance
with the medication regimen, or when the clinical status of the patient is changed [65]. This
last point is of particular interest, as many drugs that are monitored therapeutically are taken
for a lifetime and must be maintained at steady concentrations year after year while the
patient ages and goes through life events such as pregnancies, temporary illnesses, infections,
emotional and physical stresses, accidents, and surgeries. Over time, patients may become
addicted to the drug, and need a higher dosage to achieve a therapeutic effect, as in case
beta-blockers or benzodiazepines, or may acquire other chronic conditions that also require
lifetime medications which may affect the processing of their monitored drugs. Examples of
these conditions include cancer, cardiovascular disease, kidney disease, thyroid disease, liver
disease, and HIV/AIDS.

At present, routine therapeutic drug monitoring procedures have been established for com-
pounds with narrow therapeutic index and high inter-patient pharmacokinetic variability
[65, 75]. These include antifungal, antiretroviral, anticonvulsant and immunosuppressant
drugs, theophylline, aminoglycosides, and psychotropic drugs [123]. After the request is as-
sessed, sampling, analysis and interpretation of results should be ideally reported within a
single working day in order to ensure a quick and safe regimen optimization. Drug concentra-

12
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Figure 1.8: Example of therapeutic drug monitoring procedure. Blood analysis is interpreted on the
basis of patient and drug related variables.

tion results are interpreted by a team of experts on the basis of patient-related and drug-related
variables and then finally sent to the physician who can decide eventual modifications of the
therapeutic regime. The whole TDM procedure is summarized in Figure 1.8.

Despite the advantages of TDM, its use has been limited to few patients and only to a few
indications [75]. This is due to the following reasons:

e Technology: Current analytical techniques which grant drug sensing with sufficient
accuracy, specificity, selectivity and reproducibility require highly trained personnel and
specific equipment. Analysis is therefore carried out by few laboratories, at high costs
and at the expense of a longer time lag between the TDM request and the reporting of
results. Examples of analytical techniques include various forms of chromatography,
mass spectroscopy and immunoassays. Although high throughput technologies become
available in the last years enabling faster reporting of results, sampling and analysis is
still carried out in specific centers.

« Knowledge: A reason for the lack of TDM is the absence of sufficient information re-
garding a drug pharmacokinetic/pharmacodynamic data and its therapeutic ranges.
Implementation of TDM procedures in preclinical and clinical drug development as well
as in pharmacovigilance, can give earlier insight about drug-related and patient-related
variables enabling the development of more specific compounds, and higher degree
of therapy personalization [65]. Examples of information relevant to pharmacologi-
cal research obtained from TDM include the discovery of CYP2D6 poor and ultrafast
metabolizers as well as the discovery of accidental drug interactions [75].

13
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e Human error: It has been estimated that about 20% of therapeutic adjustments follow-

ing TDM of antidepressants were incorrect [75]. Most of the reasons are due to human
errors. Drugs must be sampled at steady state; time of dose administration, dosage
regimen as well as time and frequency of blood sampling must be carefully planned and
recorded in order to reconstruct the correct pharmacokinetic profile [65, 123]. Errors
are proportional to the number of samplings performed; additionally, repetitive manual
data handling represent an additional source of errors in diagnosis as omissions and
confusion can happen.

According to these considerations, the introduction of biosensors can benefit the TDM practice
by improving practice diffusion; subjects’ compliance, and pharmaceutical research:

14

« Diffusion. Biosensors can be designed to be small, inexpensive, and easy to use. More-

over electrochemical biosensors provide an immediate reading of the substance of
interest. Cost reduction and simplicity of employ may allow the diffusion of TDM test
from a small number of specialized laboratories to a bigger number of medical centers
or even the patient’s houses.

Compliance. The introduction of biosensors can improve the compliance of both pa-
tients and operators. Home testing can both simplify the life of patients and reduce the
cost of hospitalization. The development of automatic sampling procedures and remote
data transmission can reduce the human error during analysis and data manipulation.
An electronic device can automatically collect relevant information regarding patient
status, testing procedure and analyses results, and send this data directly to a specialized
center for clinical interpretation. Ideally a patient can self-test at home and receive new
therapeutic indications online. Additionally, the diffusion of long-term implantable
biosensors can benefit patients with chronic pathologies for which frequent control of
drug pharmacokinetics may be essential. In this respect, elderly people, more subjected
to aging effects and to the insurgence of chronic pathologies represent a potential target.

Research. The diffusion of cheap TDM procedures and the automatic data collection
can help discovering unknown drug interactions; pharmacokinetics and pharmaco-
dynamics data obtained from TDM can be classified and used to predict therapeutic
outcomes in new patients with similar clinical history or in the design of new com-
pounds. Finally, the introduction of implantable biosensors may result useful in preclin-
ical research on animals. Constant monitoring of pharmacokinetics during toxicology
and efficacy investigations could provide better information during the preclinical de-
velopment of a drug. Additionally an implanted sensor is expected to reduce human
intervention on the test subjects, improving their conditions.
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Figure 1.9: Schematics and (specular) picture of the assembled and packaged implantable device.

1.6 Thesis objective

Developing operational stand-alone biosensor components is a task commonly performed
within the scientific community, and it is suitable for proof-of-principle evaluation or prelim-
inary sensor characterization. However, a mature diagnostic device is an integrated system
which has to take in account constraints from different disciplines:

» Efficacy. Effective biosensors systems for self-care must be capable to: 1) detect the tar-
get analytes in biologic concentrations 2) perform the detection without any additional
processing of the target biological fluid 3) be capable to operate with small volumes.

« Design. The biosensor platform must be designed according to the application: the re-
alization of a biosensor array is often necessary in personalized therapy, where multiple
parameters must be controlled at the same time. Additional challenges are arising in
the case of implantable sensors, since the dimensions must be kept at minimum, and
materials should be biocompatible.

« System integration. Mature analytical devices must also face the challenges of signal
processing, data transmission, powering and end-user interface. Electronics and biosen-
sor components must be integrated together. The need for system integration forces
the interaction and the application of design constraints from every actor involved in
the device realization. As an example, the sensor platform must be capable to host the
electronic equipment, while the sensing techniques employed must be simple enough
to be coordinated with a low-power consumption circuitry, and grant at the same time
sufficient precision to allow reliable measurements.

e System packaging. A mature biosensor device must be protected from external influ-
ences and ensure both electrical and biological integrity. If implanted, the final device
as well its single components must be tested for in-vitro and in-vivo biocompatibility
according international standards.

15
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The objective of this PhD project is the development of a fully implantable biosensor system
for personalized therapy applications. The thesis presents innovative research on:

< Nanobiosensors for drugs and metabolites detection. Electrochemical detection of
common marketed drugs and drug cocktails with biosensors, as well as detection of
glucose and ATP has been achieved with biosensors based on P450 enzymes, glucose
oxidase and hexokinase. Carbon nanotubes have been employed as support for the im-
mobilization of the biosensor proteins. The realized nanobiosensors provided increased
sensitivity and detection limit, allowing the detection of drugs in their therapeutic range
in undiluted human serum. References [36] and [37]; [29], [30] and [33] describe in
detail the results obtained in this field during the PhD.

e System design, fabrication, and integration. A miniaturized passive substrate capable
to host 5 independent biosensor electrodes, a pH sensor, a temperature sensor as well
as the electronic interface for the signal acquisition has been designed, microfabricated
and tested. Different and reproducible nano-bio-functionalization for the single biosen-
sors was obtained with high precision via selective electrodeposition of chitosan/carbon
nanotubes/enzyme solutions at the various electrodes. The array, completely micro-
fabricated with biocompatible materials, was then integrated with a CMOS circuit and
a remote powering coil for the realization of a fully implantable device®. The original
research contribution has been described in [35].

e System packaging and biocompatibility assessment. The assembled system has been
packaged with an inner moisture barrier in parylene C, to prevent circuit corrosion and
toxic metals leaking, and an external biocompatible silicone shell to improve the host
tolerance and reduce the local inflammation. The efficacy of the parylene barrier, as well
as the toxicity of carbon nanotubes, has been assessed with in-vitro cytotoxicity tests
conform to the ISO-109931 standards. The final packaged device, in Figure 1.9 was then
implanted in mice to assess its biocompatibility. Comparison between 7 and 30 days
in in-vivo implantations showed significant reduction of the inflammatory response in
time, suggesting normal host recovery. Original research in this topic is presented in [4],
submitted for peer review.

1.7 Thesis organization

P450 biosensors are treated in Chapters 2, 3 and 4: Chapter 2 introduces the cytochrome
P450 proteins and provides information about their unique catalytic mechanism; Chapter
3 describes the working principle of electrochemical P450 biosensors and reviews the state-
of-the-art; finally, in the Chapter 4, the original research on the P450 biosensors developed
during this doctorate is presented.

9CMOS circuit and inductive coil have been realized by other collaborators.
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ATP biosensors are treated in Chapter 5. The first part explains the importance of ATP in the
modulation of inflammatory response and reviews the state-of-the art in the electrochemical

ATP biosensors; the last part presents the data from the ATP biosensors developed in this
doctorate.

Chapter 6 covers the implantable sensor platform developed during this PhD, presenting data
on design, microfabrication, functionalization and test of the sensor array.

Chapter 7 focus on the system packaging and biocompatibility: the first part reviews the im-
mune response to an implant, the strategies to solve specific biocompatibility and biostability
issues and the controversies about the biocompatibility of carbon nanotubes; The last part
describes the packaging developed in this project, and present data about the short term
in-vitro and in-vivo biocompatibility of the implantable sensor platform.

17






P4 Cytochromes P450: background

2.1 Introduction

Cytochromes P450 (abbreviated as P450s or CYPs) are a large group of enzymes involved in the
metabolism of over 1’000°000 different xenobiotic! and endogenous compounds [47]. Depend-
ing on the organism, they contribute to vital processes including carbon source assimilation,
biosynthesis of hormones and or structural component of cells, and also carcinogenesis and
degradation of xenobiotics [171]. More importantly, CYPs are the major enzymes involved in
human drug metabolism and bioactivaton, accounting for about 75% of the total number of
different metabolic reactions [68].

In humans, only 5 P450 isoforms are responsible for the metabolisms of the 95% of known
pharmacological compounds [67]; this makes the CYPs promising candidates for the con-
struction of biosensors for therapeutic drug monitoring. In principle, a sensor bearing the 5
cytochromes altogether, can be used to follow the drug response of individuals in almost every
kind of pharmacological treatment 2.1. The following internet site http://medicine.iupui.edu/
clinpharm/ddis/table.aspx contains an updated list of common drugs that are CYP substrates.

2.2 P450 nomenclature, classification and polymorphism

Cytochromes P450s belong to the hemoproteins superfamily. The letter P in P450 represents
the word pigment, while the number 450 reflects the wavelength of maximum adsorption in
spectroscopy. In simple words, concentrated quantities of protein appear red at sight due to
the iron atom present in their active site. CYP enzymes have been identified in all domains of
life. At present, more than 11500 distinct proteins are known, but only 57 of them are present
in humans [67].

Cytochromes P450 are classified in families, subfamilies, isoforms and polymorphisms accord-

1A xenobiotic is a chemical which is found in an organism but which is not normally produced or expected to
be presentin it, for example a drug.
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2E1

Figure 2.1: Contributions of Enzymes to the metabolism of marketed drugs. (A) Fraction of human
enzymes involved in drug metabolism: FMO, flavin containing monoxygenase, NAT, nacetyltransferase,
MAO, monoamine oxydase. (B) P450 isoforms contribution to drug metabolism. Reprinted from [68].

ing to their amino acid sequence homology:

» Afamily groups all the genes with at least 40% of sequence homology. At present more
than 780 families have been discovered in nature; 18 of them shared by humans.

< Asubfamily encloses genes of the same family sharing at least 55% of sequence homol-
ogy.

< An isoform identifies the different proteins coded by an individual gene within the
subfamily

< A polymorphism can be described as a slightly different protein isoform, usually occur-
ring with 1% frequency in a population.

This classification is summarized in the nomenclature of P450 proteins:; the acronym CYP,
followed by a number (family), a letter (subfamily), a second number (isoform) and *number
(polymorphism). CYP2B6*4 for example identifies a P450, family 2, subfamily B, isoform 6,
polymorphism 4. Cytochromes polymorphism is one of the major causes in drugs metabolism
differences among individuals. It has been estimated that 20 to 25% of all drug therapies
lead to different therapeutic outcomes because of genetic differences [80]. According to the
differences in P450s expression, a population can be classified in 4 major phenotypes:

» Ultrarapid metabolizers (UM), presenting 3 or more genes encoding a specific P450, and
therefore showing an increased enzymatic activity.

< Extensive metabolizers (EM), carrying 2 functional genes and presenting standard enzy-
matic activity.

¢ Intermediate metabolizers (IM), being deficient of one allele, and showing reduced
activity.
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< Poor metabolizers (PM), lacking the functional enzyme due to defective or deleted genes.

Genetic analysis of the cytochrome polymorphisms represents the actual state-of-the-art in
personalized therapy. The work of Ingelman-Sundberg, provides an extensive review describ-
ing the major polymorphic CYP alleles and their effect on major therapies [80].

2.3 P450 catalytic cycle

The most common reaction catalyzed by the P450s is the insertion of an oxygen atom into
a substrate (RH). The biological significance of this reaction, called monoxygenation, is to
transform liposoluble compounds in hydrosoluble, in order to be easily excreted with the urine.
While some P450s do not require additional protein and cofactor components to achieve the
monoxygenation reaction, the vast majority performs the catalysis after interaction with redox
partners in an electron transfer (ET) chain: the P450 systems. At present, ten different classes
of P450 systems have been discovered. Table 2.1, from Hannemann et al., provides a summary

of each class [70].

Class/source Electron transport chain Localization/remarks
Class I
Bacterial NAD(P)H » [FdR] » [Fdx] * [P450] Cytosolic, soluble
Mitochondrial NADPH » [FdR] » [Fdx] » [P450] P450; inner mitochondrial membrane,
FdR: membrane associated,
Fdx: mitochondrial matrix, soluble
Class IT
Bacterial NADH »[CPR] » [P450] Cytosolic, soluble; Streptomyces carbophilus
Microsomal A NADPH » [CPR] » [P450] Membrane anchored, ER
Microsomal B NADPH » [CPR] » [cytb5] » [P450] Membrane anchored, ER
Microsomal C NADH » [cytb5Red] » [cyth5] »[P450] Membrane anchored, ER

Class HI

Bacterial NAD(P)H »[FdR] » [Fldx] » [P450] Cytosolic, soluble, Citrobacter braakii

Class IV

Bacterial Pyruvat, CoA » [OFOR] » [Fdx] » [P450] Cytosolic, soluble, Sulfolobus tokadaii

Class V

Bacterial NADH *[FdR] » [Fdx—P450] Cytosolic, soluble, Methylococeus capsulatus

Class VI

Bacterial NAD(P)H »[FdR] »[Fldx—P450] Cytosolic, soluble,
Rhodococeus rhodochrous straim 11Y

Class VIl

Bacterial NADH » [PFOR-P450] Cytosolic, soluble, Rhodococeus sp strain
NCIMB 9784, Burkholderia sp.,
Ralstonia metallidurans

Class VIll

Bacteria, fungi NADPH » [CPR-P450] Cytosolic, soluble, Bacillus megaterium,
Fusarium oxysporum

Class IX

Only NADH dependent, fungi NADH »[P450] Cytosolic, soluble, Fusarium oxysporum

Class X

Independent in plants/ 1 [P450] Membmane bound, ER

Table 2.1: Classes of P450 systems classified depending on the topology of the protein components
involved in the electron transfer to the P450 enzyme. Reprinted from [70]
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The biosensors described in this thesis employ human microsomal P450s, which rely on a
class 2 electron transfer system. In this system the cytochrome P450 reductase (CPR) and the
cytochrome b5 reductase, provide the CYP with the two electrodes needed for the catalysis. The
global reaction of P450 with a substrate RH can be summarized by the equation below:

RiH 0, 2i 2H j¥RjOH jH,0 (2.1)

In a class 2 electron transfer system, this reaction can be described with the following steps:

1. Substrate binding: the substrate docks to the active site in close proximity of the heme
group, displacing a water molecule coordinated to the heme Iron.

Fe® jRH (2.2)

2. Firstelectron transfer. The first electron is transferred to the active site via the inter-
action of the P450 with the Cytochrome P450 reductase. The ferric heme is reduced.

Fe> jRH ef j¥ Fe? jRH (2.3)

3. Binding of molecular oxygen. An oxygen molecule bounds the heme and induces a

slow rearrangement of the complex creating an intermediate called oxy-P450 complex.
O, Fe“ jRHiY O 0O jFe i RH (2.4)

4. Second electron transfer. This stage represents the rate limiting step of the cycle. A
second electrode supplied by the CPR or from the faster cytochrome b5 reductase feeds
into the complex and forms a peroxo-ferric intermediate

£ _ o E =
O~ 0 jFe jRH e!' j¥! OT 0O jFe i RH (2.5)

5. Protonation of the peroxo-ferric intermediate. The peroxo group (0?") formed in the
previous step is protonated by surrounding amino acids. As result the O-O bonding
undergoes heterolysis, a molecule of water is released and a highly reactive Iron (1V)-oxo
species is formed. At this stage the P450 is ready transform the substrate.

£ / - ) -
i'0~"0jFe? jRH H j¥OH  jOjFe® jRH (2.6)

OHi jOjFe® jRH™H jY¥O~Fe* jRH H,0 (2.7)
6. Insertion of the oxygen into substrate and product release. Depending on substrates
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and enzyme involved, the P450s can catalyze a wide variety of reactions. A complete list
of monoxigenations is reported in Figure 2.3.

7. Productdissociation. The different chemical structure of the product induces its release
from the active site. The cytochrome returns to its resting state with a water molecule
coordinated to the heme group.

O~ Fe* jRH j¥ Fe® jOH, ROH (2.8)

Exceptions can occur in the cycle. Some instable intermediates can lead to substrate
dissociation, regeneration of the active site and production of intermediary products.
The 3 major abortive reactions (shunts) are the:

< Autoxidation shunt (point 3 of the cycle). Causes the release of a superoxide (027)
radical.

< Peroxide shunt (point 5a of the cycle). The hydroperoxide group (HO-O") dissociates
from the enzyme. An additional protonation leads to the production of Hydrogen
peroxide.

e Oxidase shunt (point 6 of the cycle). Causes the decoupling of oxygen in the Iron (1V)
oxo species and the production of an additional molecule of water.

In electrochemical P450 biosensors, the electrons needed for the monoxygenation reaction
can be directly provided to the cytochrome by the electrode. The demand of electrons depends
on the activity of the enzyme and can be directly correlated to the substrate concentration at
the electrode interface. Ideally, higher concentrations of substrate will increase the electrons
demand and therefore will generate higher currents.
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Figure 2.2: The P450 catalytic cycle. Copyright 2005 American Chemical Society.
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Figure 2.3: List of reactions catalyzed by cytochromes P450. Reprinted from [17].
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2.4 PA450 catalysis

One of the most important features of CYPs is their broad substrate range. As said before, only
5 cytochrome isoforms are responsible for the 95% of metabolism of all known drugs. The
reasons for this wide substrate range are due to the p450 active site features, described in this
section.

The structural core of P450 is formed by 4 highly conserved alpha helices (named D, L, I, E)
holding in place the heme group. As seen before, the heme is exploited to catalyze substrate
oxidations or reductions thanks to the reversible oxidation and reduction of its Fe atom.
The active site dimension is diverse among cytochromes: CYP3A4, CYP2C8 and CYP2C9 for
example possess very large active sites, whilst that of CYP2A6 is quite small. However, the
active site area is surrounded by flexible domains capable to adapt to molecules of different
sizes. For example, the CYP3A4 active site can expand up to 80% of its original dimensions to
accommodate erythromycin [17]. Substrate binding in P450 in not well definite: at the simplest
structural level, P450 active sites present multiple docking points called substrate recognition
sites (SRS) [72]. The way compounds bind to the SRS, depends by the substrates involved,
their relative concentration and their affinity for the enzyme. Substrates can induce a ligand-
dependent conformational change, where each combination of ligands induces alternative
enzyme conformations with unique kinetic properties; a second type of alteration is due to
the interaction between different ligands: a molecule can influence the affinity of the binding
site for a second molecule, even if no significant protein conformational change takes place.

Multiple docking of different molecules on diverse SRS is greatly affecting the catalytic activity
of cytochromes P450, giving rise to atypical kinetic profiles. Up to 8 different kinetic behaviors
can manifest in the cytochromes. Among these, homotropic kinetic profiles are originated
by the interaction of the enzyme with a single substrate; while heterotropic kinetic responses
appear when a compound affects the interaction of the enzyme with a second compound.
Enzyme Kkinetics is an important aspect to consider in the design and in the calibration of
biosensors. Before proceeding to the description of the complex behaviors of P450, some
basic kinetic notions will be introduced in the following paragraphs.

2.5 Introduction to the enzyme kinetics

The kinetic profiles are equations describing the velocity of product formation given specific
amounts of enzymes and substrates. Any enzymatic reaction can be described with the
following diagram:

K
E”S ﬁ ES{YE"P (2.9)
2

Where E is the enzyme concentration, S the substrate concentration, and P the product
formed. ki, ko and kg, and are constants: the first indicates the rate of formation of the
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complex enzyme-substrate (ES), the second the rate of dissociation of the complex ES, while
kd describes the rate of product formation. This general enzymatic reaction can be divided in
two parts:

e AfaststageE S ES where the complex ES is rapidly formed. Assuming the enzyme
concentration is constant, the rate of formation V of the complex is proportional to the
substrate concentration according the equation V=K[S]

* Aslowstage ES j ¥ E~ P where the enzyme needs to overtake the activation energy in
order to form the product. The rate of product formation E+P is proportional to the
concentration of the ES complex and is described by the equation V=k[ES] the complex
ES is therefore the rate limiting step in determining the overall speed of the enzyme.

The concentration of ES depends by the initial amount of enzyme. When all the enzymes
are saturated, increasing substrate concentrations do not affect the speed of catalysis. In this
situation, called steady state, the reaction speed is proximal to the maximum possible value.
The simplest kinetic equation and the most common among enzymes is the Michaelis Menten
equation, which describes a hyperbolic kinetic profile.

— Vmax[S]
Km [S]

Where Vimax — kp [E] is the enzyme reaction rate at the steady state, and kn,, the constant of
Michaelis Menten is defined as % As basic assumption in this equation S, ES and E are in
equilibrium [122].

Vv (2.10)

Substrate concentration, enzyme concentration and k,, change the profile of the hyperbolic
kinetic and are important parameters to consider in the design of biosensors: more con-
centrated enzymes increase the maximum amount of substrate that can be processed, and
therefore affect the Vihax Of the enzyme. The substrate concentration is the most important
factor in determining the speed of reaction: when [S] """ [E], kmy at the denominator is neg-
ligible. The reaction speed is therefore equal to Vmax and is independent by the substrate
amount. Conversely, when [S] * ~ [E], the equation is simplified, and Vihax is proportional
to [S] according to the relationship Vo ™ ”‘—ka;@ Biologically, ky, represents a measure of the
affinity of the enzyme for its substrate. Low values of k;,, indicate that the enzyme binds tightly
to the substrate and saturates at relatively low concentrations; conversely, large k, indicate
low affinity for the enzyme and saturation at high concentrations. The knowledge of kinetic
parameters is an important aspect to understand how a CYP electrochemical biosensor works.
P450-based detection is a measure of the electron transfer rate between the electrode and the
enzyme given a certain substrate. According to this, the electron transfer rate can be compared
to the enzymatic speed. Therefore, given the same amount of enzyme immobilized, a higher
current indicates increasing substrate concentrations.
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2.6 Atypical kinetic mechanisms in P450 enzymes

As previously stated, multiple docking of different molecules on diverse SRS is greatly affecting
the catalytic activity of cytochromes P450, giving rise to atypical kinetic profiles. As general
effect, the presence of a particular mixture of compounds, or of a critical amount of sub-
strate(s) induces contextual responses in the activity of P450 [13]. This means that biosensor
calibration, sensitivity and operative window for a specific substrate are greatly influenced by
the composition of the sample analyzed. The knowledge of atypical kinetic behaviors and of
the conditions that trigger a determinate response in the cytochromes, are therefore important
for the construction of models that allow to adapt and to correct the data coming from the
biosensor. While the development of such models is outside the objective of this thesis, it may
be interesting giving a glimpse of the complexity of P450 catalysis and a starting point for their
design. This section will present an overview of the atypical kinetic profiles, and examples of
drugs that trigger a specific response.

Atypical profiles fall into five categories: auto-activation, hetero-activation, auto-inhibition,
hetero-inhibition, and biphasic kinetic [78], (Figure 2.4). Profiles originated by the interaction
of the enzyme with a single substrate are called homotropic, while profiles due to the interac-
tion of different compounds with the protein are called heterotropic. As additional complexity,
heterotropic effects for a given ligand combination are CYP isoform dependent [13].

< Auto activation (Positive homotropic cooperativity) occurs when the binding of the
substrate at one site improves the binding affinity of other sites. The increased affinity
causes a rapid and coordinated increment of the reaction speed at higher [S], until Vi ax
is acheived. Plotting Vg vs[S], a sigmoidal shape is observed, with low activity at low
substrate concentration and a rapid and immediate increase in enzyme activity to Vimax
as [S] increases. Positive cooperativity makes enzymes much more sensitive to [S] and
their activities can show large changes over a narrow range of substrate concentration.

« In hetero activation (positive Heterotropic cooperativity), the substrate “A” improves
the catalysis of the substrate “B” inducing structural or electronic changes in the P450
structure. In most cases both compounds are substrates of the enzyme, but only the
metabolism of one is increased.

< In auto inhibition (negative homotropic cooperativity), the binding of the substrate at
one site decrease the binding affinity of other sites. As result higher [S] are catalyzed at
lower speeds. The Vg vs[S] plot present a convex profile, as the Vi,ax expected from the
standard hyperbolic kinetics is never reached.

« In hetero inhibition (negative heterotropic cooperativity), the substrate A hinders the
catalysis of the substrate B. Hetero inhibition is defined partial when despite the pres-
ence of saturating concentrations of the compound “B” the catalysis of “A” is not com-
pletely blocked. When the compound “A” blocks the catalysis of “B” but not of the
substrate “C”, the Hetero inhibition is defined substrate-dependent.
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Figure 2.4: Possible kinetic profiles with homotropic effects.

« Biphasic kinetics occurs when the protein present two binding sites for the same com-
pound with different catalytic efficiency. The kinetics is characterized by an initial
hyperbolic behavior with increasing substrate concentrations, however the profile never
become asymptotic but tends to linearity at high concentrations, leading to the inability

to predict Vimax and k.

2.7 Design of ageneral kinetic model

Several steady state kinetic models have been developed to describe homotropic and het-
erotropic kinetics. Figure 2.5 describes a general scheme of enzymatic reaction for a cy-
tochrome with 2 binding sites, and two active compounds: a substrate (S) and an effector

(E).

The model accounts for homotropic and Heterotropic binding of the compounds, but for
simplicity, only the substrate S is converted into product (P). In this model, ks, kg, and k¢at
values for substrate and effector change according to the occupational state of the active

site. When allosteric binding takes place, kg, and k¢4t values for substrate and effector are
multiplied for a sub-constant that accounts for the effect of compound already present in the

active site:

» The sub-constant "', acting onkg, accounts for the homotropic binding of the effector to

the active site.

e ,acting on kg, accounts for the homotropic binding of the substrate to the active site.

28



2.7. Design of a general kinetic model

eKg YKs SKear
Ee CYPeE €<——> Ee CYPes €———> Se CYPeE——> CYPeE +P

T

EeCYPe «—E> , CYPo <—2—> SeCYPs — AL 5 CYPs+P

VKSI KSI UKSI
oK

Ee CYPeS «KE 5 . cYPes <« XS 5 seCYPesKaars CYPeS or

Se CYP +P
8 Kear Kear

Ee CYP +P CYP+P

Figure 2.5: Substrate and effector binding combinations for a Cytocrhome with 2 binding sites ().
Adapted from [13].

e describes an heterotropic binding in the active site, and affects both ks and kg. For
simplicity, in this model is identical for different compounds arrangement in the active
site.

» —affects the k¢4 Of substrate when different ligands are present in the active site.

« {affects the k,¢0f the substrate when identical compounds are present in the active
site.

Values of ", and bigger than 1 will lead to positive cooperativity between substrates, while
values lower than 1 will generate substrate inhibition effects. Variation in —and { affect the rate
of product formation and modulate the Vi ax Of the enzyme. The following equation, obtained
from Figure 2.5, can be used to calculate the reaction speed [13], and it was successfully
employed to examine context dependent heterotrophic effects in CYP3A4 [58, 89, 147].

51— t[S?] — —IS]IE]
Vo _ Ks k2 Kske
0 s (2.11)
Vmax 1~ 2I81— [$2] — 2Is][E] — 2[E] — [E?]
Ks k2 kske Ke k2

Variations in substrate and effector concentration yield a series of different contextual kinetic
profiles that can be plotted as a surface. Figure 2.6, from [92] shows the effect of the substrate
quinidine on the diclofenac hydroxylation.

Some works suggest that the effect of specific compound on the P450 catalysis can be guessed
a priori. For example, crystallographic structures and kinetic experiments have identified
for CYP3A4 three model compounds that show distinctive kinetic properties and preferential
binding domains in the active site: midazolam gives hyperbolic kinetic profiles; testosterone
yields sigmoidal kinetics, while nifepidine induce substrate inhibition curves [58]. Compounds
presenting similar features such as, steric bulk, charge, flexibility and others, can be classified
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Figure 2.6: Interactions between phenantrene and benzoflavone. The surface represents predicted
results to experimental data. Reprinted from [92].

into a specific subgroup and are therefore expected to induce behaviors similar to one of the
three model compounds [59, 165].

The knowledge of these parameters a priori could be useful in the configuration of the P450
biosensor in presence of different drug combinations.

2.8 Chapter Summary

This chapter presented an overview about cytochromes P450 and enzyme kinetics. Cy-
tochromes P450 possess a broad substrate range, and only 5 isoforms are responsible for
the 95% of metabolism of all known drugs. The most common reaction catalyzed by the
P450s is the monoxygenation, which transforms liposoluble compounds in hydrosoluble. Cy-
tochromes possess large active sites and are capable to host and transform multiple molecules
at the same time. The multiple docking of different molecules on the P450 active site affects
the catalytic activity and gives rise to atypical kinetic profiles. With respect to the biosensor
development, the knowledge of the kinetic parameters can help in fitting the data, optimiz-
ing the sensitivity, calibrate the biosensor, define appropriate concentration ranges for the
analytes and predict the response in presence of different drug combinations. For example:

« Sensitivity is usually calculated for linear behaviors. As consequence, biosensor detec-
tion is significant only with good approximations of first order kinetics.

 Increasing enzyme concentrations produce higher currents and therefore increase the
overall sensitivity of the sensor.

< Substrates with high k,, give significant current variations only with big increase in the
substrate concentration. Sensitivity for these compounds will be therefore low, and
detection is appropriate only in broad concentration ranges.
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e Substrates with low ky, give significant current variations with small increase in the
substrate concentration; higher amounts of substrate will lead to saturating currents.
Detection will be appropriate only in harrow concentration ranges.

» Due to the competition for the active site, compounds present a higher k,,, when other
substrates are present in solution. The increase in their ky, depends by the affinity of
the competitors and their relative concentrations.

The broad substrate range of cytochromes, their atypical kinetic profiles and the contextual
catalytic behavior of cytochromes represent a challenge in the development of P450 biosen-
sors, as they make the response subject to many variables. Despite this, the development
of electrochemical P450 biosensors remains an appealing objective for two reasons. First,
P450-biosensors represent the sole way to detect non-electroactive compounds electrochemi-
cally: the biosensor measures the electron transfer between protein and electrode, an index
of the enzyme activity and a direct effect of the substrate concentration. Second, few cy-
tochromes isoforms account for almost the totality of the xenobiotics metabolism, therefore
the development of a method capable to distinguish and quantify the contribution of dif-
ferent compounds, prospects the realization of a versatile device suitable to follow many
different therapeutic schemes. In this respect P450 biosensors represent the ideal choice in
the realization of long-term implantable devices for personalized therapy.
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state-of-the-art

P450 biosensors measure the electron transfer between protein and electrode. Proteins are
immobilized on the electrode surface, and the electrons needed for the monoxygenation
reaction are supplied by the electrode (Figure 3.1). Electrons demand depends on the activity
of the enzyme and is correlated to the substrate concentration at the electrode interface.
Ideally, higher concentrations of substrate will increase the electrons needed, and therefore
will generate higher currents. The different nature of substrates bound to the cytochrome will
change the energy required for activating the electron transfer, and therefore the potential at
which this reaction will take place [83]. The need to query the cytochrome response at different
potentials makes the voltammetric techniques the ideal choice for P450-based detection.

In order to perform a voltammetric analysis, current and potential must be accurately mea-
sured and controlled; for this reason, electrochemical biosensors rely on a 3-electrode cell
configuration, described in the next section.

0, H,0
R-H R-OH
(substrate) (oxydized product)
Artficial supply of electrons
electrode allows substrate detecton

Figure 3.1: Simplified principle of the P450 biosensor: the electrons needed for the catalysis are supplied
by the electrode, allowing substrate detection.
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3.1 Three electrode configuration and potential control

An electrolytic cell is an electrochemical system that undergoes a redox reaction when electri-
cal energy is applied. The cell has three component parts: an electrolyte and two electrodes.
The electrode/electrolyte couple is called half cell. The electrolyte is usually a solution of
water or other solvents in which ions are dissolved. When an external voltage of correct
polarity and sufficient magnitude is applied to the electrodes, the electrolyte can exchange
electrons with the electrode and become oxidized or reduced generating a current flow across
the cell. In general, the minimum requirement for voltammetric analysis is a two-electrode
configuration. In this setup, the working electrode (WE), where the enzyme is immobilized,
must apply the desired potential in a controlled way and facilitate the transfer of charge to or
from the enzyme. The second electrode must assume a known potential with which to gauge
the potential of the WE; furthermore, it must balance the charge added or removed by the
working electrode. Unfortunately, with this arrangement it is extremely difficult to maintain a
constant potential while passing current to counter redox events at the working electrode. To
solve this problem, the role of supplying electrons and referencing potential has been split in
two separate electrodes: the reference electrode (RE) is a half cell with a known potential; it
acts as reference in measuring and controlling the WE potential and it does not enable any
current flow; the counter electrode (CE) pumps (or collects) all the current needed to balance
the current required (or observed) at the working electrode. Current and potential in the
3-electrode cell are controlled by a potentiostat, which functions by maintaining the potential
difference between RE and WE at a constant level, by adjusting the current at the CE. Fig. 3.2
shows a schematic of the three electrode configuration and the potentiostat-principle. A fully
implantable sensor based on voltammetric techniques will therefore require a miniaturized
3-electrode cell, a potentiostat circuit, and a power source.

Figure 3.2: Diagram of a three-electrode cell.
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