An implantable biosensor array for personalized therapy
applications

THESE N° 5819 (2013)

PRESENTEE LE 28 JUIN 2013
A LA FACULTE INFORMATIQUE ET COMMUNICATIONS
LABORATOIRE DES SYSTEMES INTEGRES (IC/STI)
PROGRAMME DOCTORAL EN MICROSYSTEMES ET MICROELECTRONIQUE

ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE

POUR L'OBTENTION DU GRADE DE DOCTEUR ES SCIENCES

PAR

Andrea CAVALLINI

acceptée sur proposition du jury:

Dr G. Boero, président du jury
Prof. G. De Micheli, Dr S. Carrara, directeurs de these
Dr T. Bachmann, rapporteur
Prof. C. Guiducci, rapporteur
Dr M. Op de Beeck, rapporteur

(Pr

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Suisse
2013






Acknowledgements

My first acknowledgemnt goes to my supervisors, Giovanni de Micheli and Sandro Carrara,
for the opportunity to work on a challenging, multi-disciplinary and innovative project, for
their constant and encouraging suppport during the thesis, and for their efforts in creating
awonderful and relaxed atmosphere at the work place. For the same reasons I would like to
thank Maaike Op de Beeck, who followed me during my internship in Imec. The development
of a biocompabile packaging has been one of my favourite subjects during the PhD. Viktoria
Shumiantseva is aknowledged for intoducing me to the electrochemical measurements with
the P450. Fabio Grassi and Tanja Rezzonico are aknowledged for the collaboration on the
ATP biosensing and for the in-vivo test of the implantable device. John O’Callagahn, Karen
Qian, Tomokasu Miyazaki, Mehmet Akif Erismis and Benjamin Gorissen are aknwoledged for
their help during the in-vitro biocompatibility test and for their help in the development of
the implantable packaging. I am grateful to Davide Sacchetto for his precious advices on the
microfabrication of the implantable platform. Thanks to Christina Govoni and Marie Halm
for their help and patience with the EPFL bureaucracy: when it comes to official documents I
am a disaster, but they always managed to fix everything.

The years of the PhD have been so far the best of my life: fun, full of new experiences and
trips around the world in company of great people, my friends and colleagues. Thanks to
Camilla, for all the experiences we are sharing together, her energy and enthusiasm, her
flawless organization of everything, and for all the support in this work and in my life. Thanks
to Michele, for his help in proofreading the thesis and in general for being a great flatmate with
contagious curiosity and enthusiasm, always ready to engage in great intellectual discussions
on the most different topics, and involve me in many outdoor adventures. Thanks to Cristina,
with whom I have shared office, joy and pain of the PhD in these years, and to Irene, for all
the useful advices on the most complicated electrochemistry matters. Thanks to Antonio, for
his unique outlook on life, and for all the great hikes organized. Thanks to Fede for being a
great companion in the trips around the world, for the countless number of times he drove
me somewhere, and for all the nice discussions we had in these years. Thanks to Jacopo,
Matteo, Ivan, Massimo, Anna, Vasilis, Ludo, Jaume, Michela, Ben, Shashi, Srini, Sommayeh,
Sara, Wenqji, Alena, Pierre-Emmanuel, Gozen, Francesca, Joan, Sophie, Livo, Ariel, Larisa,
Diana, Anna, Francesco, Pietro, Daniel, Kostantinos and Angela for all the experiences and the
fun we have shared together.

Finally, thanks to my parents for their unconditioned support and love.

Lausanne, April 2013 D. K.

iii






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 ISO-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.

Lobiettivo di questo progetto di dottorato € 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. Lintegrazione
di nanotubi al carbonio nei biosensori garantisce un aumento di sensibilitd 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 € stata sviluppata, micro- fabbricata e testata. I 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 tossicitd dei nanotubi al carbonio, sono state testate
con esperimenti di citotossicitd in-vitro conformi agli standard ISO 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 infiammatoria nel tempo, suggerendo una normale guarigione dell’ospite.

Parole chiave: biosensori, impiantabile, nanotubi al carbonio, citocromi P450, ATP, packaging
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|§ 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:

* The drug is effective and well tolerated.

* The drug is effective but originates adverse drug reactions.

* The drug is not effective but well tolerated.

* 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
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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

Cancer (all types)
Alzheimer's disease
Hepatitis C
Osteoporosis
Rheumatoid arthritis
Migraine (prophylaxis)
Migraine (acute)
Diabetes

Asthra

Cardiac artyihmias
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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Biosensors

Clinical Nonclinical

Short-
Term
Invasive

Environmental
Bioagent
Detection

Singleshot Multi-Analyses

Long-Term Single Reactive
Implantable Analysis Monitoring

Home Pathology

— Bedside " Pollution
Artificial Glucose Blood Laboratory F"Frwlt Monitoring, Anthrax,
Organs Monitoring Glucpse Glulc0§e ipening Fermentation Plague,
Monitor Monitoring Processes and Cholera

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

1 A 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-
cent compound. 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://go0.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.

* 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

2A 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.

4 Transcription 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.

5 Translation 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].

* 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 The current practice 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.



Chapter 1. Introduction

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
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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.

e 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). A common feature of compounds subjected to therapeutic drug monitoring is their low
therapeutic index.
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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, Cy,,y. 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
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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 Therapeutic drug 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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TDM request
Blood sample collection (Isteady state, trough level)
Laboratory :neasurement
Reporting of res:ﬂts {within 24 hrs)

Patient related variables:
Age, sex. diagnosis. comorbidity. symptoms (severity).
dose, comedication. duration of treatment, therapeutic
improvement, side effects. plasma concentration of
drugs and metabolites, ratios of concentrations

Drug related variables:
Pharmacokinetic properties. e.g. elimination half life.
clearance, CYP substrate and inhibitor properties
Pharmacodynamic properties. e.g. receptor profile,
therapeutic actions. side effect profile. safety profile

Change of medication
Change of dose

Continuation of treatment

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:

* 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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¢ 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.

* 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:

e 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.

* 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].

* 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.
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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 present in 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:

* A family 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.

¢ A subfamily 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:

R-H+0y+2e¢ +2H" — R-OH- H,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** —RH 2.2)

2. First electron 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®*—RH+e — Fe*t —RH (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*" ~RH — [0=0-Fe*"|-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

[0=0-Fe**|-RH+e  — [0=0-Fe*'|-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 (IV)-oxo
species is formed. At this stage the P450 is ready transform the substrate.

“[0=0-Fe**|-RH+H" — OH -0O-Fe** - RH (2.6)

OH —-O-Fe’*—-RH+H"— O=Fe¢*"  —RH+ 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. Product dissociation. 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¢*  —RH — Fe’* —OH, + 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.

» Oxidase shunt (point 6 of the cycle). Causes the decoupling of oxygen in the Iron (IV)
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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2.4 P450 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 kinetics 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:

ky ky
E+S;<_’ES—>E+P (2.9)
2

Where E is the enzyme concentration, S the substrate concentration, and P the product
formed. kj, k> and k;, 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:

* A fast stage E + 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=Kk[S]

* A slow stage ES — 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]

%o+ 1] (2.10)

Where Vinax = kp [E] is the enzyme reaction rate at the steady state, and k;,, the constant of
Michaelis Menten is defined as kzk;lkd. As basic assumption in this equation S, ES and E are in
equilibrium [122].

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 V;,,,x of the enzyme. The substrate concentration is the most important
factor in determining the speed of reaction: when [S] >> [E], k;, at the denominator is neg-
ligible. The reaction speed is therefore equal to V},,,, and is independent by the substrate
amount. Conversely, when [S] << [E], the equation is simplified, and V,;, is proportional
to [S] according to the relationship Vj = V’”,j—";[sl Biologically, k,, 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 V;;,,
is acheived. Plotting V; vs[S], a sigmoidal shape is observed, with low activity at low
substrate concentration and a rapid and immediate increase in enzyme activity to Vi,
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 Vj vs[S] plot present a convex profile, as the V;,,, 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 V4 and k.

2.7 Design of a general 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

(B).

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 k4
values for substrate and effector change according to the occupational state of the active
site. When allosteric binding takes place, kg, and k., 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 g, acting onkg, accounts for the homotropic binding of the effector to

the active site.

* 0, acting on kg, accounts for the homotropic binding of the substrate to the active site.
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Figure 2.5: Substrate and effector binding combinations for a Cytocrhome with 2 binding sites (s).
Adapted from [13].

* v describes an heterotropic binding in the active site, and affects both ks and k. For
simplicity, in this model y 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.

* 1 affects the k.4;0f the substrate when identical compounds are present in the active
site.

Values of €,y and o bigger than 1 will lead to positive cooperativity between substrates, while
values lower than 1 will generate substrate inhibition effects. Variation in 6 and ¢ affect the rate
of product formation and modulate the V;;,,, 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].

Vo ks © oki = ykskg
- 2 2
Vinax 1+%ﬂ+m+w+@+m

(s1, tS] | SISIIE]
2.11)

k2 Ykskz kg ek

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 k;,;, 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 narrow 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 k,, 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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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.

H,0

R-OH

(oxydized product)

R-H

(substrate)

Artificial supply of electrons
electrode allows substrate detection

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.

+
Cell L p
potential
Cell
%
currenl‘<> ‘
WE RE CE
1

Figure 3.2: Diagram of a three-electrode cell.
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3.2 Background on voltammetry

Voltammetry is the study of current as function of applied potential. In cyclic voltammetry,
the potential is swept back and forth at a constant rate between two extreme values, and the
actual current value is measured as the dependent variable. The total current in the cell is
the difference between the oxidative current; generated by the potential sweep towards more
positive values, and of the reductive current, produced when the potential is swept back more
negative values. The behavior of the current as a function of the applied potential is described
by the Butler-Volmer equation:

—aF(E-Eeq) —aF(E-Eeq) }

I=Iox = Irea = nFAK {[Olo e 7 —[Rlose™ 7 3.1

where, I is the net current of the cell, I,x and I,.; are respectively the oxidation and the
reduction current in their absolute values, E is the applied potential, E.4 the equilibrium
potential, F the Faraday constant, R the universal gas constant, T the absoulute temperature,
n the electrons exchanged in the redox and A the electroactive area. The constant ky is a
measure of the redox efficiency: small values of kj indicate very slow redox processes. The
parameter « is the charge transfer coefficient.

The current generated during the potential scan is the sum of two components: capacitive and
Faradic. The capacitive current originates when solution electrolytes become polarized and
migrate to the electrode bearing opposite charge. The accumulation of charged ions at the
interface generates an electrical double layer that behaves like a capacitor with area equivalent
to the electroactive surface. The capacitive current i. is defined as:

ic= CE =Cv 3.2)
where C is the capacitance of the electrical double layer, E the applied potential, ¢ the time
and v the scan rate. In voltammetric analysis, the capacitive current is considered non-specific
background interference and must be subtracted from the total current to obtain the Faradic
contribution. In cases where the concentration of the electroactive compound is too low, or
when the scan rate is too high, the Faradic current can be masked by the capacitive current
causing problems in the detection.

The Faradic current is due to the electron transfer at the electrode interface, and represents the
current of interest for the electrochemical detection. In steady state conditions, the Faradic
current assumes a peak shape with the current maximum centered on the formal potential of
the analyte (Fig. 3.3). In a backward potential sweep of a soluble electroactive species, when
the electrode potential approaches the speciemen’s formal redox potential, the reduction of
the analyte begins, and current starts to flow (A). As the potential continues to grow more
negative, the surface concentration of the species drops; hence, the flux to the surface (and
the current) increases (B). At the formal redox potential (C), the current intensity is defined by
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Figure 3.3: Voltammetric sweep of an electroactive species in solution.

the Randles-Sevcik equation:

nFvD >
) (3.3)

ip= 0.4463nFAC(

where i, is the peak current, C the analyte concentration, and D the diffusion coefficient of
the analyte. As the potential crosses the reduction potential peak, surface concentration drops
nearly to zero, mass transfer reaches a maximum rate at the surface, and then it declines as
the depletion effect sets in. This is the case where the current is limited by the diffusion of the
reagents to the electrode surface (D). When the potential is swept in the opposite direction,
symmetric mechanisms take place and the reduced species are oxidized again.

The P450 biosensors presented in this thesis rely on a technique called catalytic protein
film cyclic voltammetry [8]. In the absence of substrate and at sufficiently high coverage,
a redox enzyme immobilized onto an electrode gives peak-like signals resulting from the
reversible transformation of its redox centers. The potential sweeping in cyclic voltammetry
is used to artificially turn “on” and “off” the redox center of the enzyme (Figure 3.4): in the
previous chapter, it was shown how the P450 active site needs 2 electrons to perform the
monoxygenation reaction. In a P450 biosensor, those electrons are artificially provided by the
electrode when sufficient energy for the electron transfer is furnished. In absence of substrate,
this current flow will continue until all the proteins immobilized will have their substrate
reduced (enzyme “on”). As result a peak-shape Faradic current is generated. Ideally, a potential
sweep in the opposite direction will regenerate the active site producing a symmetrical peak
(enzyme “off”).

During the catalysis, the electrons of the active site are further transferred to the substrate,
allowing the heme to accept new electrons from the electrode and producing a Faradic contri-
bution known as catalytic current. The catalytic protein film cyclic voltammetry establishes a
relationship between current, enzyme concentration and substrate concentration:
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Figure 3.4: Cyclic voltammetry response from a film of adsorbed protein containing a single redox
active centre undergoing reversible electron transfer.

* The detected Faradic current is associated only with the electron transfer between
enzyme and electrode. The substrate is not electroactive.

* Higher amounts of enzyme immobilized (electroactive coverage) allow the conversion
of a bigger number of substrates in a given period of time, leading to higher catalytic
currents.

* The demand of electrons in presence of substrate is directly related to the speed of
the enzymatic catalysis and is therefore dependent on the enzyme kinetics: when the
substrate concentration at the interface is much lower than the enzyme concentration,
the reaction speed (and therefore the generated current) is proportional to the substrate
concentration. Conversely, if the concentration of substrate at the interface is bigger
than the enzyme concentration, the enzymatic speed (ant therefore the current gener-
ated) reaches a maximum, making the impossible to establish a relationship with the
substrate concentration.

* The electron demand also dependens on the substrate diffusion to the electrode. When
a fixed substrate concentration is supplied at a constant rate and products do not
accumulate at the electrode interface, the catalytic current takes the shape of a wave.
The wave shape is achievable controlling diffusion at the interface with rotating disk
electrodes or with microelectrodes. The absence of diffusion control, will lead to peak-
shaped catalytic currents.

The reliable measure of the Faradic current represents one of the core aspects of biosensor
research, while the understanding of its variation upon different experimental conditions is a
part of the sensor characterization. Both aspects will be described later in this chapter.
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3.3 P450 biosensors: state-of-the-art

Besides personalized therapy, P450 reactions are of extreme interest to the pharmaceutical
industry. Knowing how drugs affect the P450s, enables the prediction of dangerous interactions
and is fundamental in the isolation of new substances in the early stages of drug discovery.
Although the high speed of drug screening over the past several years, there is still a difference
of orders of magnitude in throughput methods for the lead compound identification, such as
combinatorial libraries, and screening rate/capacity for CYP activity [5]. Chromatography and
mass spectroscopy of CYP metabolites remain the standard in industry but the throughput
is limited to the number of samples processed in parallel and by the analysis time of an
individual sample. This results in a bottleneck in the drug development process. Existing high
throughput methods for CYP metabolism screening are based on indirect detection: in one
case, substrates yielding fluorescent products once metabolized, are used to probe the ability
of an unknown drug to inhibit or compete with the fluorogenic compound in the P450 reaction
[120, 161]. A second type of assay measures the CYP activity indirectly, by detecting oxygen
and NADPH consumption via fluorescence [160]. A drawback of this approach is the need for
multiple reagents and enzymes, which makes this strategy expensive and time-consuming.

The immobilization of CYPs onto an electrode surface can open the way to a fast, inexpensive
and direct monitoring of P450 metabolism, and therefore is a promising strategy for high
throughput sensing techniques and personalized therapy applications. Two of the main issues
in P450 biosensors concern the improvement of the electric coupling between protein and
electrode, and the protein stability. It is therefore not surprising that many reviews on P450
biosensors focus on the enzyme immobilization [22, 138, 143, 148]. This section will present
the most common strategies employed in the realization of P450 biosensors.

3.3.1 Bare electrode immobilization

Direct electron transfer was found to be very difficult to achieve when unmodified metal
electrodes are used: the bare metal lacks proper functional groups that improve protein
orientation and electric contact between the metal and the active site of the protein [56],
so the enzymes tend to denature and to passivate the electrode. A general requirement for
good interactions is that the electrode surface must be electrostatically compatible with the
protein. The role of surface selectivity in the direct electrochemistry of redox proteins is
exemplified by their behavior at pyrolytic graphite electrodes. According to the way pyrolitic
graphite is cut, the surface exposed can present hydrophobic character, if parallel to the single
graphene sheets (basal plane), or hydrophilic behavior, if obtained by cutting the graphite
across the aromatic rings (transversal plane). Initial studies on cytochrome C showed that
the electrochemical behavior of proteins immobilized on the hydrophilic side is significantly
higher compared to the basal plane and that improved electrochemical response is lost when
the functional groups of the transversal plane are blocked with hydrophobic functionalities
[9]. From these pioneering experiments, it became clear that modification of the electrode
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with an appropriate medium helps in attaining the native structure of the protein, appropriate
orientation of the enzyme, and better electron transfer.

Common immobilization strategies include layer-by-layer adsorption (LbL), biomembrane -
like films, covalent attachment to self-assembled monolayers (SAM) and use of nanoparticles
(NP).

3.3.2 Layer-by-layer adsorption

In this method, multiple layers of oppositely charged films and/or CYPs are built up on
the electrode: a solid substrate with a negatively charged surface is immersed in a solution
containing cationic polyelectrolytes, and a layer of polycation is adsorbed via electrostatic
attraction. Since adsorption is carried out at relatively high concentrations of polyelectrolyte,
a number of cationic groups remain exposed to the solution, thus the surface charge is
effectively reversed. After being rinsed in water, the substrate is immersed in a solution
containing anionic polyelectrolyte. A new polymer layer is adsorbed, but at this stage the
original surface charge is restored. By repeating these steps, alternating multilayer assem-
bly is obtained [104]. Materials commonly employed for layer-by-layer adsorption include
poly(styrenesulfonate) (PSS), used by Estavillo et al. to sense styrene with a CYP1A2 biosensor
[54], and poly(diallydimethyammonium chloride) (PDDA), successfully employed by Joseph
et Al. in a CYP3A4 biosensor capable to respond to verapamil, midazolam, quinidine and
progesterone [84].

3.3.3 Biomembrane-like films

Cytochromes P450 are membrane proteins. Mimicking a biomembrane environment on
the electrode surface can provide the enzymes a natural environment, and improve their
activity. The most common materials used in the preparation of biomembranes are surfactant
molecules: organic compounds containing groups of opposite polarity at their extremities.
Best stable films are obtained from compounds that do not form micelles in solution, usually
characterized by a hydrophilic head with ionic properties and 2 or more hydrophobic tails of
12 carbons or more [176]. Drop cast and drying of the surfactant solution onto the electrode
surface leads to the formation of stacked bilayer films. Proteins can be premixed to the
surfactant solution before the drop cast, or uptaken afterwards, by placing the coated electrode
in a electrochemical cell containing a solution of the protein [176].

Didecyldimethylammonium bromide (DDAB) is one of the most common surfactant em-
ployed in P450 biosensors. Johnson et al., successfully employed a DDAB film to adsorb
CYP2(C9 onto a pyrolytic graphite electrode, succeeding in detecting torsemide, diclofenac,
warfarin, tolbutamide and sulaphenazole, and showing how in presence of oxygen, different
substrates induce a characteristic potential shift of the P450 electrochemical peak [83]. A draw-
back of employing DDAB is that the polymer induces the formation of P420, a cytochrome
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isoform which retains a visible electrochemical peak but is not able to catalyze substrates
[162].

3.3.4 Covalent linkage on self-assembled monolayers

A third strategy of immobilization relies on covalent linkage of proteins to self-assembled
monolayers (SAM). Molecules employed in the SAM formation are characterized by the struc-
ture X-spacer-Y, where X is the chemical group interacting with the electrode, the spacer
is usually a carbon chain and Y is the chemical group interacting with the protein and the
solution. Variations of X enable functionalization of different surfaces (i.e., thiol groups are
for example indicated for immobilization on gold); different spacer lengths allow control-
ling the distance between the protein and the electrode, while different type of Y groups
(i.e. -COOH, -NH-2 acetylene) can be employed to bind specific aminoacids on the protein,
allowing more regular protein orientations, and also to prevent electrode fouling [30]. As an
example, Yang et al. [179] successfully immobilized CYP2C9 via its N-terminal lysine to a
SAM of 11-mercaptoundecanoic acid and octanethiol on gold. Their sensor was responsive to
increasing concentrations of warfarin, and kinetic activity very similar to data obtained from
microsomes in solution.

3.3.5 Immobilization on nanostructured surfaces

Owing to their small size (normally in the range of 1 — 100 nm), nanoparticles exhibit unique
chemical, physical and electronic properties that are different from those of bulk materials, and
that can be exploited to construct novel and improved sensing devices. Due to their large sur-
face area and high surface free energy, nanoparticles can strongly adsorb molecules [72]. Many
kinds of nanoparticles, including metal, oxide and semiconductor ones, have been widely
used in electrochemical biosensors as effectors for immobilization of biomolecules; catalysis
of electrochemical reactions; enhancement of electron transfer and labeling of biomolecules
[103]. Clay and gold nanoparticles were commonly employed on P450 biosensors. Clay colloid
has been reported to facilitate heterogeneous electron-transfer processes to proteins and
enzymes [99]. In this respect, Shumyantseva et al. successfully employed nanoparticles of
sodium montorillonitein combination with the surfactant Tween 80 to achieve direct elec-
trochemistry of CYP2B4. Catalytic currents were observed upon addition of substrates such
as aminopyrine and benzphetamine and successful suppression of the current was recorded
upon the addition of the CPY2B4 inhibitor methyrapone [149].

Another promising nanomaterial is the carbon nanotube (CNT). Conceptually, CNTs can be
thought as graphene sheets rolled up to form a hollow tube. The tubes can be capped at
their extremities and range from tens of nanometers to several microns in lenght. CNT are
classified according to the number of walls they possess: a single graphene roll up produces
single walled carbon nanotubes (SWCNT), while multiple concentric rolls originate multi
walled carbon nanotubes (MWCNT). Single- or multi-walled nature, chirality, presence of
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Figure 3.5: Principles of SWCNT folding. Left - Graphene sheet map illustrating possible single-walled
nanotube structures The resulting nanotube is labeled by the pair of integers in the cell that becomes
overlapped with the origin cell [150]. Right - Diagram of the parameters defining a graphene sheet and
CNTs constructed from it. By wrapping C onto itself a CNT is formed, as highlighted in grey, with axis
parallel to T. The angle 0 defines the CNT chirality. The vector families individuating non-chiral kinds
of CNTs, i.e. armchair and zigzag CNTs, are represented as dashed and dotted lines, respectively [115].
The red dots indicate the two possible zigzag configurations.

imperfections in their structure, length, diameter and chemical functionalization greatly affect
the ensemble of CNT properties.

SWCNT can assume metallic or semiconductor behavior according to the alignment of the
7 orbitals in the tube, which depends on the way graphene is folded (Fig. 3.5.). Graphene
sheets are made of a honeycomb-like lattice of carbon atoms: considering for semplicity of
explanation a carbon hexagon as the graphene unit cell, given an origin, it is possible to find
the position of every other exagon with two numbers describing the vertical and horizontal
distance in unit cells from the origin (m, n). A roll up vector connects the origin to another
unit cell in the graphene sheet and describes the way in which the carbon nanotube can
be folded. When (m=0 - zigzag configuration) or when (m=n — armchair configuration) the
graphene wrapping exhibits metallic behavior. In any other folding configuration described by
the chiral angle theta, the CNT is called chiral, and has semiconductor properties. Statistically,
1/3 of produced SWCNT will therefore possess metallic properties, while the other 2/3 will
show semiconductor behavior. The different conductivities of SWCNT could complicate their
application in electrochemistry [2].

Multi-walled carbon nanotubes consist of multiple layers of graphene. Their structure can
be arranged in concentric cylinders of SWCNT of various diameters (Russian Doll model), or
in a single graphene sheet is rolled in around itself multiple times (Parchment model). The
interlayer distance in MWCNT is approximately 0.34 nm, a value close to the distance between
graphene layers in graphite. Because of statistical probability, one of the shells, and thus the
whole MCWNT, is usually a metal conductor.

The biosensors described in this thesis are based on MWCNT. With respect to P450 biosensors,
Carrara et al. demonstrated how the electron transfer attained by the use of CNT in P450-based
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cholesterol biosensors increased up to 2.4 times with respect to using gold nanoparticles and
up to 17.8 times with respect to immobilization on bare electrodes [32].

3.3.6 Recombinant proteins and microsomes

Besides engineering of the electrode surface, a better electron transfer can be achieved by
acting directly on the protein. This can be done in two ways:

* By engineering the protein and conferring improved functionality,

¢ By including the other proteins involved in the P450 cycle.

The first approach, firstly described by Ashton et al. [10] as Molecular Lego, is based on the
construction of recombinant enzymes using domains taken from different proteins. Domains
are conserved amino acid arrangements that function and exist independently of the rest of
the protein chain. Since each domain can be independently stable and folded, it can be used
as a “brick” in the construction of artificial proteins with improved functionality. Examples of
domains can be the amino acids anchoring the protein to the plasmatic membrane or parts
responsible with the interaction with other proteins. With respect to P450, the approach of
Molecular Lego was employed by Dodhia et al. [49] to improve the coupling efficiency of
CYP3A4. The protein was fused to the the reductase domain of bacteric cytochromes possess-
ing high homology with the human CPR. The reductase domain improved the efficiency of the
electron transfer between the electrode and the heme group, decreasing the frequency of the
shunts in the catalytic cycle and therefore improving the products formation.

Analog results can be achieved using microsomes. A microsome is a construct obtained during
the artificial disruption of cells. The endoplasmic reticulum with the associated proteins
(P450, CPR, cytochrome b5) is fragmented and recombined in vescicles that can be isolated
towards centrifugation. The cast of microsomes onto an electrode surface provides both a
physiological environment for the P450 and their natural redox partners. CYP3A4 microsomes
were successfully immobilized on gold electrodes coated with hydrophobic material and
successfully detected testosterone catalysis and CYP3A4 inhibition in presence of ketoconazole
[115]. The group also concluded that the amount of product in the microsomes containing the
reductase was almost double respect to what obtained with P450 alone. The result suggested
that the presence of reductase is necessary to improve the efficiency of the cytochromes.

3.3.7 Summary and perspectives

The big picture emerging from the state of the art is that:

¢ Electrode modifications create more favorable conditions for the adhesion of proteins
and increase the stability of the enzyme.
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* Proper electrode functionalization can improve the communication between proteins
and electrodes, and generate better electrochemical signals.

* P450 efficiency increases when supported by the other natural redox partners.
The current state-of-the-art on P450 biosensors provides an ever increasing characterization
of the electrochemistry of these proteins. However, there is little research concentrating on

P450 biosensors as diagnostic instruments. With the idea of realizing a device for personalized
therapy, equally important questions which need to be addressed are:

* For which medical treatments is a biosensor for drug monitoring indicated? Which
compounds should be given priority for characterization?

* Is the biosensor responsive to therapeutic drug concentrations?

* Is the biosensor capable to operate in complex environments like plasma?

* Isit possible to distinguish different substrates of different nature? When more than one
substrate is present is still possible to do discrimination?

* In which way different environments affect the biosensor performance?

The research on P450 presented in this thesis aims to address these questions and to tackle
the issues concerning the application of these devices in realistic scenarios.
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P450 biosensors: assembly and re-
sults

This chapter will describe the effect of carbon nanotubes addition on the electrode morphology
and electrochemistry, propose a method to insulate and extract the information related to the
drug detection from a cyclic voltammogram, present results on the single and multiple drug
detection with P450 biosensors and strategies to improve the accuracy of the measurement;
finally it will be shown the results of first attempt of detection of unknown drug concentrations
in mouse serum.

The P450 biosensors described in this thesis are made of three separate elements: a com-
mercial screen printed 3-electrode cell (SPE); multi-walled carbon nanotubes (MWCNT)
nanostructuration, and commercial P450 human microsomes. The working electrode is first
functionalized with a solution of CNT dispersed in chloroform and then with the P450 mi-
crosomes. Nanoparticles and enzymes are immobilized onto the electrode by electrostatic
interactions.

Screen printed electrodes were chosen for two reasons: low fabrication and market costs
and possibility to work with few microliters of sample. These features make the SPE not only
suitable for preliminary investigations on the P450 electrochemistry, but also ideal candidates
for the realization of single-use biosensors in point-of-care applications.

Carbon nanotubes are attractive due their unique structural, mechanical and electronic prop-
erties: CNT can display metallic, semiconducting and superconducting electron transport,
and have the largest elastic modulus of any known material [134].

Finally, microsomes were employed because, as already written in the state-of-the-art, the
presence of the other proteins of the P450 cycle improves the coupling efficiency of the enzyme,
while cellular membrane fragments contribute in creating a suitable environment for the
proteins. Besides that, P450 microsomes are already used as standard in many pharmaceutical
assays, are commercially available and do not require specific treatments before being used.
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4.1 Cytochromes and drugs employed

As described in the introduction, the goal of this thesis is to design and test the P450 biosensors

in practical applications. Instead of common CYP probes like testosterone or warfarin [182] we
wanted to test the sensor response against compounds widely used in common medications
or widespread pathologies, which may be easily assumed together with other prescriptions.

While some of the drugs selected are administered under strict medical control, others are

widely distributed and can be obtained over-the-counter (OTC), which means that a medical

prescription is not necessary, and a misuse is more likely to happen. A common feature of all

these medications is that they interact with a big number of other compounds, and that they

can potentially lead to severe adverse effects in subjects at risk. The drugs considered are:

Cyclophosphamide (CP)'. Used to treat various types of cancer and some autoimmune
disorders, CP interferes with the cell cycle of cancer cells slowing their growth and their
diffusion in the body. This drug presents severe and life threatening adverse effects,
including acute myeloid leukemia, bladder cancer and permanent infertility, especially
at higher doses. At the present day, CP is known to interact with 257 other drugs. Among
these, 32 interactions provide highly clinically significant effects (major interactions). It
is sensed with CYP3A4 biosensors.

Dextrometrophan (DX)? is a cough suppressant drug. It is one of the active ingredients in
many prescription-free medicines against cold and cough; therefore is widely available
to patients. In combination with quinidine, a cyp2b6 inhibitor, it is employed to alleviate
symptoms of easy laughing and crying, in patients affected by multiple sclerosis. Other
uses include treatment of neuropatic pain and fibromyalgia pain. Up to date, 56 drugs
interact with DX; 28 lead to major interactions. DX is sensed with CYP3A4 biosensors.

Erythromycin (EM)® is a macrolide antibiotic. It acts slowing or sometimes killing
sensitive bacteria by reducing the production of proteins essential for survival. Common
employs include treatment of respiratory tract infections, acne, otitis and syphilis. 528
drugs interact with this compound; 119 lead to major interactions. EM is sensed with
CYP3A4 biosensors.

Benzphetamine (BZ)* is an appetite suppressant drug that targets the central nervous
system. It is used together with diet and exercises to treat obesity. Structurally is very
similar to amphetamines. BZ interacts with 404 other drugs, 87 causing severe effects. It
is sensed with CYP2B4 biosensors.

Naproxen (NAP) is a non-steroidal anti-inflammatory drug (NSAID) mainly used to treat
pain and inflammation caused by conditions such as arthritis, tendinitis, bursitis, gout,

Lnttp:/iwww.drugs.com/pro/cyclophosphamide. html

2 http:fwww.drugs.com/dextromethorphan.html

3 http:/fwww.drugs.com/monographlerythromycin.html
4 http:/fwww.drugs.com/mtm/benzphetamine.html

5 hetp:iiwww.drugs.com/naproxen.html
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or menstrual cramps. It works reducing hormones that cause pain and inflammation
in the body. The drug is sold over-the-counter. Naproxen may cause life-threatening
heart or circulation problems such as heart attack or stroke, especially if used long term.
Other serious effects can be bleeding or perforation of stomach or intestines, as the
drug also aspecifically acts on the cellular receptors responsible for the protection of the
stomach lumen. The drug interacts with 416 other compounds, 45 of them lading to
severe effects. It is sensed with CYP2C9 biosensors.

e Ibuprofen (IBU)® is another NSAID OTC drug. It is used to reduce fever, and treat pain
or inflammation caused by many conditions such as headache, toothache, back pain,
arthritis, menstrual cramps, or minor injury. The drug compares in the List of World
Health Organization Essential Medicines as one of the minimum medical needs for a
basic healthcare system. Side effects are similar to the ones caused by naproxen. 372
drugs interact with ibuprofen, 80 leading to major health complications. Ibuprofen is
sensed with CYP2C9 biosensors.

e Flurbiprofen (FLU)" is a NSAID OTC drug. It is especially used in the treatment of
arthritis. Side effects are common to the other NSAID drugs. Flurbiprofen interacts with
357 drugs, 43 leading to major interactions. It is sensed with CYP2C9 biosensors.

In some cases the same compound is metabolized, and therefore can be detected, by different
cytochrome isoforms. The data on drug detection presented in this chapter is obtained with
biosensors based on P450 -2B4, -3A4, and -2C9. CYP2B4 is one of the best studied mammalian
xenobiotic metabolizing P450 [144]; CYP3A4 is responsible of the metabolism of almost 50%
of known drugs [68], while CYP2C9 has a central role in the catalysis of anti-inflammatory
compounds [62].

4.2 Characterization of the electrode bio/nano/structuration

4.2.1 Methods

Screen printed electrodes were purchased from Dropsens. The electrode cell was composed
by Ag/AgCl reference electrode, a graphite counter electrode and a graphite working electrode
(diameter 4 mm). The total area of the cell was 22mm?.

MWCNT (diameter 10nm — length 1-2um, -COOH content 5%, purity 95% - Dropsens) were
suspended in chloroform at the concentration of 1mg/ml and sonicated until a homogeneous
suspension was obtained. Working electrodes were then nanostructured by gradual drop cast
of 30ul of MWCNT solution.

CYP3A4 microsomes were bought from Sigma. 9./ of microsomal suspension were drop cast

8 hetp://www.drugs.com/ibuprofen.html
7 hitp:/www.drugs.com/mtm/flurbiprofen. html
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onto the MWCNT nanostructured electrode and incubated at 4°C overnight. The excess of
cytochrome was then removed washing with milliQ water.

Morphological analysis of the functionalized electrodes was done using a Zeiss SUPRA 40
scanning electron microscope (SEM). Images were acquired in the 5-20kV range.

The electrochemical response of the CNT nanostructuring was investigated by cyclic voltam-
metry using a Versastat 3 potentiostat under aerobic conditions (potential window -600, +300
mV, scan rate 20mV/s).

4.2.2 Results

After MWCNT deposition the working electrode surface becomes highly corrugated, as shown
in Figure 4.1. The nanotubes appear randomly organized in a tridimensional conductive
net that greatly increases the electrode surface [36, 79]. Measured fibers diameter resulted
11.14+2.59nm, as we reported in [29], and correspond well to the CNT size declared by the
producer (10nm).

The enlarged electrode surface was also confirmed by cyclic voltammetry experiments. Figure
4.2 shows a comparison between a bare graphite electrode and a MWCNT nanostructured
electrode. As can be seen, CNT dramatically increase the capacitive current, up to one order
of magnitude. This effect is due to the solution penetration in the nanostructure, and to the
buildup of the electrical double layer around every single CNT. The MWCNT voltammetry
also shows the presence of a big reduction peak at -350mV, and a broad oxidation peak at
-150mV. These peaks, attributed to the redox active oxides present at the CNT tips and to some
imperfections along the tube, are generated during the formation process, and are already
known and discussed in literature [101].

Washing the electrode with water didn’t reduced the capacitive current. Since the capacitive
current is directly correlated to the electro-active surface, this finding shows that the bulk CNT
nanostructure remain adsorbed on the electrode surface.

EHT = 10,00V

Figure 4.1: SEM images of the screen printed electrode before (left) and after (right) drop cast of 30 pg
of MWCNT.
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Figure 4.2: Cyclic voltammetry comparison between MWCNT nanostructuration (green) and bare
electrode (red). The nanostructured electrode presents 1 order of magnitude higher capacitance and
characteristic peaks at -350 and -150mV. The inset shows the CV for the bare electrode only.

From this initial characterization it can be concluded that the CNT nanostructuration adds
the third spatial dimension to the electrodes. Therefore, given the same surface area, a CNT-
functionalized electrode can generate more current from the electron transfer, and host a
bigger number of enzymes.

Figure 4.3 shows the MWCNT nanostructure before and after the drop cast of P450 microsomes.
The carbon nanotube net is still visible, but fibers are thickened, presenting an average
value of 19.51+5.72nm, in average 8nm thicker than the bare MWCNT. Considering that the
average diameter of microsomes varies between 50-150nm [153], the slight thickness increase
suggested rupture of the microsomes and the formation of a lipid/protein monolayer around
the nanotube. This hypothesis was confirmed with Monte Carlo simulations [69]. We first
calculated the average diameter of P450 proteins from the CYP3A4 crystal structure on the
RCSB protein data bank [180], and we estimated an average diameter of 4-5nm. SEM images
of non-functionalized MWCNT were then used to select a pool of different carbon nanotube
diameters. 10,000 depositions of proteins in random orientations where then simulated to
estimate the final average diameter reached by the fibers. We obtained a value 0f 21.71+2.78nm,
a number which statistically confirms the experimental results obtained with the SEM. It is
therefore possible to conclude that the microsomes establish strong hydrophobic interactions
with the CNT, leading to the formation of a lipid/protein monolayer which can assure an
intimate electrical contact between the enzymes and the electrode.

Figure 4.4 shows the cyclic voltammogram of a P450 / MWCNT electrode. The most visible
feature is the masking of the reduction peak at -300mV. Since the peak on bare CNT is due to
the exposed redox active oxides present at the tips and at the wall imperfections, we concluded
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that the microsome rupture covered these functions decreasing the peak. The comparison of
a small peak in the region comprised between -300 and -600mV resulted to be the empirical
confirm of the presence of a working biosensor. Absence of the peak resulted in reduced
Faradic currents upon drug additions or totally absence of signal. Multiple microsomal drop
cast increased the enzyme quantity, and produced more pronounced peaks. We found that 3
depositions constitute the optimal number respect to the sensor performance.

Figure 4.3: SEM images of the working electrode nanostructured with MWCNT (left) and with MWCNT
and P450 microsomes (right).
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Figure 4.4: Cyclic voltammogram of a MWCNT/CYP3A4 electrode. The comparison of a redox peak

between -300 and -600 mV, here highlighted with the red lines, is the most indicative presence of an
active P450 complex.
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4.3 Analysis of the reduction current and extrapolation of the mi-
crosomal contributes

Microsomes contain not only the P450 but also the cytochrome reductase (CPR) and the
cytochrome B5; moreover, a contribution from MWCNT oxides can still be present. This
suggests that the voltammogram shape is the result of multiple Faradic contributions. An
important question to answer is which part conveys the information relative to the drug
detection.

Figure 4.5 shows the same voltammetry presented in Figure 4.4 processed with an automatic
peak recognition software. As can be seen, the reduction current between -600 and +200mV
shows a profile with broad peaks halfway between capacitive background and Faradic current.
While MWCNT oxides peak position is well documented [101], the peak potential of the
P450 or of the other microsomal components is still not clear from literature: for example,
CYP3A4 peaks were detected at -380mV [115, 150]; -200mV [84]; or -735mV [79]. These
positions are also likely to be subjected to different factors, like the presence of oxygen, the
nanostructuration employed or the solution pH.
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Figure 4.5: MWCNT/CYP3A4 biosensor processed with the peak recognition algorithm of the Nova
software (Metrohm).

We attempted to deduce the position of microsomal proteins by running a peak search in
voltammetries obtained from different MWCNT electrodes functionalized with microsomes
deprived of CPR, Cytochrome B5 and P450. The microsomes employed and the peaks found
are listed in Table 4.1.

From the table, it can be deduced that the most probable peak position for the P450 peak is
located at -380mV; the peak at -460mV seems to be due to the CPR, while the cytochrome
b5 could be responsible of peaks at -180 and OmV. The P450 and the CPR peak potentials we
found reflect the ones calculated by Mie et al. by using CYP3A4 microsomes [115]. From this
data, position of cytochrome b5 cannot be established with certainty.
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Table 4.1: Voltammetric reduction peaks obtained microsomes deprived of specific P450-cycle proteins.

-460mV  -380mV  -180mV  O0mV

CPR + B5 X X X
P450 + B5 X X X
P450 X

The presence of multiple contributions creates the problem of how the current generated
during the P450 catalysis can be extrapolated from the voltammogram. The resolution of peak
overlapping with mathematical functions, is a procedure well known in literature [26, 157] , and
can be used to visualize the Faradic current generated by the various biosensor components.
The basic functions used for decomposition are the Guassian, the Hyperbolic cosine and the
Cauchy [134]. More complex functions are usually based on modifications or combinations of
these three. In order to visualize the individual contributes of CNT, P450, CPR and cytochrome
B5, We normalized the reductive current between +200 and -600mV to the baseline obtained
with the automatic peak recognition software, and we used four Gaussian functions centered
at -460mV, -380mV, -180mV and OmV to describe the different Faradic contributes. The Y
values of each Gaussian where then summed together, while height and amplitude where fit
to reply the current profile obtained from the raw data.

The fitting procedure is summarized by the following equation

V-Vp)?

i(V)=ic(V)+) Are (4.1)
Vk

Where i¢ accounts for the capacitive current, and the following sum of Gaussian curves (where
A describes the guassian amplitude, or the putative peak current, V the potential at which the
peak is centered and o the peak width) accounts for all the Faradic contributes generated by
the microsomal proteins. The result presented in Figure 4.6 shows the best fitting obtained.

In presence of increasing drug concentrations, the reduction current increase as shown in
Figure 4.7. From the data, it is interesting to note that:

* Increasing drug concentrations seem to affect the reduction current only in the region
comprised between +100 and -400 mV

* In absence of drugs, the region between +100 and -400mV can be approximated as a
straight line.
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Figure 4.6: Gaussian decomposition of the peak highlighted in Figure 4.5. The the gauss functions
describe the Faradic contribution of the various microsomal proteins.
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Figure 4.7: Effect of increasing drug concentrations on the reduction peak highlighted in Figure 4.5 and
Figure 4.6.

In conclusion, in presence of drugs the current variation is recorded in a narrower region.
This seems to exclude the contribution of the external Gaussians, and therefore of some
microsomal components, in the electron transfer chain between enzyme and electrode.

A way to unequivocally highlight the drug contributions to the Faradic current is to normalize
the voltammogram data with a baseline which excludes all the current generated in absence
of substrate. In the example presented, this means to normalize current between 0 and -
400mV. Voltammogram profiles slightly differ from sensor to sensor: in some cases a small
peak is visible even in absence of substrate (residual current). In order to discern the current
variation following the injection of drugs, in these situations the residual peak current must
be subtracted to the catalytic peak current as shown in Figure 4.8.
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Figure 4.8: Highlighting of drug contributions in conditions of non-flat background current. The peak
current in absence of substrate (residual current) needs to be subtracted from the catalytic current.
The potentials of current flexes defining the the residual current peak are used to draw a baseline (red
lines). Residual peak current (green) and catalytic peak current (cyan) are calculated respect to the
baseline. The final catalytic current is then obtained subtracting the value of the residual peak current
to the catalytic peak current.

4.4 Single drug detection

The employ of electrodes modified with carbon nanotubes improves sensitivity and detection
limit of the P450 biosensors, allowing detection of compounds in the therapeutic range and
in complex solutions. This paragraph focus on relevant results obtained with CYP3A4 and
Cyclophosphamide detection, published in [29].

4.4.1 Methods

Screen printed electrodes were purchased from Dropsens. The electrode cell consists of an
Ag/AgCl reference electrode; a graphite counter electrode, and a graphite working electrode
(diameter 4mm). The total area of the cell was 22mm?. MWCNT (diameter 10nm — length
1-2um, -COOH content 5%, purity 95% - Dropsens) were suspended in chloroform at the
concentration of 1mg/ml and sonicated until a homogeneous suspension was obtained. Work-
ing electrodes were then nanostructured by gradual drop cast of 30u! of MWCNT solution.
CYP3A4 and CYP2C9 microsomes were bought from Sigma. P450 2B4 was isolated and pu-
rificated from the microsomal fraction of rabbit [149] and was obtained as a courtesy from
the Institute of Biomedical Chemistry of the Russian Academy of Science. 9./ of microsomal
suspension were drop cast onto the MWCNT nanostructured electrode and incubated at
least 6 hours at 4°C to promote the enzymes adhesion, then dried at 37°C 45% humidity to
concentrate the proteins. The procedure was repeated two more times in order to increase
the amount of enzyme immobilized. The biosensors were washed with milliQ water before
the measurement, in order to remove material weakly adsorbed. Drugs were bought from
Sigma and diluted to the working concentrations in ethanol, DMSO or water according to
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their solubility.

The electrochemical response of the biosensor was investigated by cyclic voltammetry under
aerobic conditions. Voltammograms were acquired using a Versastat 3 potentiostat (Princeton
Applied Technologies). The electrode was covered with 100u/ of PBS 10x pH 7.4 or undiluted
human serum (Lonza). Drugs samples were added in drops of 1u!. Cyclic voltammograms
were acquired by sweeping the potential between -600 and +300mV at a scan rate of 20mV/sec.
Reduction peak currents values were extracted on stabilized voltammograms in the according
to the procedure described in the previous chapter. The currents obtained in presence of drugs
were subtracted to the background current and plotted against the respective concentration
values in order to obtain a calibration curve.

Biosensor sensitivity was calculated dividing the slope of the calibration curve for the working
electrode area; biosensor detection limit was calculated considering the IUPAC definition
[112]:
kdi
LOD = — (4.2)
S

Where LOD is the limit of detection, di the standard deviation of the blank measures, S
the sensor sensitivity and k is a parameter accounting for the confidence level (k=1,2 or 3,
corresponding to the 68.2, 95.4 or 99.6% of statistical confidence). The results presented here
consider a 68.2$ of statistical confidence.

4.4.2 Results

The behavior of CYP3A4 peak current upon increasing concentrations of CP is shown in Fig-
ure 4.9. When P450 is immobilized onto bare electrodes, significant current responses were
obtained only at high drug concentrations. The best detection limit achieved with bare elec-
trodes resulted to be 256.0.M. Such behavior is unacceptable for practical applications, since
Cyclophosphamide concentration range in conventional therapies, the so-called therapeutic
range, has been calculated to vary from 2.6uM to 76.6uM [85]. On the other hand, when
electrodes are nanostructured with CNT, we achieved in the best case a 2.4-fold sensitivity
increase and a detection limit of 7.5uM, which allows drug detection in the therapeutic range.
Sensitivity increase due to MWCNT nanostructuring has been reported for identical concen-
tration ranges, and it has been shown for benzphetamine detection with CYP2B4 biosensors
[30], naproxen detection with CYP2C9 biosensors [29], and for glucose and lactate detection
with the respective oxidases [24]. In a second experiment (Figure 4.10) we tested the response
to therapeutic concentrations of Cyclophosphamide in undiluted human serum. In this case
the detection limit resulted to be higher, 53.1uM, but still close to the therapeutic range. The
lower sensitivity achieved in serum, 0.17nA/uMmm?, is attributed to the plasma components,
which can produce electrode fouling and can retain drug molecules. It is known that 56% of
cyclophosphamide circulates bound to plasma metabolites [16]; therefore, especially at low
concentrations, the amount of free cyclophosphamide can be lower than the nominal quantity
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Figure 4.9: Cyclophosphamide calibration curves obtained from bare and MWCNT-nanostructured
electrodes. Values reported are normalized to the P450 residual current. Error bars: average of 3
measurements. Image adapted from [29].
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Figure 4.10: Current response of MWCNT/CYP3A4 biosensor versus therapeutic concentrations of CP
in undiluted human serum. Error bars: instrument noise. Image from [29].

The possibility to detect drugs in plasma in their therapeutic range represent an important
step towards the realization of biosensors for real life applications such as the therapeutic drug
monitoring. One of the biggest obstacles to overcome drug detection is the capability to sense
compounds in complex media, with concentrations typically in the order of -micro or -nano
moles. At best of our knowledge, most of the literature demonstrates detection windows in the
mM scale and only in PBS. For example P450 detection of Verapamil is shown between 0.5 and
3mM [84], while the therapeutic range is typically below 55nM [52]. Table 4.2 summarizes the
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best results obtained in the detection of the drugs mentioned before.

Table 4.2: Drugs detected with the realized P450 biosensors.

CYP Drug Therap. Range (uM) Ref. Meas. Range (uM) Best Sensitivity (nA/uM-mm?) LOD (uM)  Ref.

2B4 BZ 0-0.074 [142] 500-5000 2.14 2.23 (30]
CP 2.6-76.6 (85] 10-100 0.17 (serum) 53.14 29]
3A4 Tpx 0-0.3 (50] 100-500 0.12 (pbs) 39.87  Unpub.
ER 0-68 (15] 10-75 0.26 (pbs) 1840  Unpub.
NAP 21-215 [136] 100-500 0.05 (serum) 95.60 (36]
2C9 T1BU 0.48-291 [107] 100-500 0.03 (pbs) 159.48  Unpub.
FLU 0.04-41 (98] 100-500 0.08 (pbs) 59.80  Unpub.

An interesting question is answering why carbon nanotubes enhance biosensor sensitivity
and detection limit. The reasons are both structural and electronic:

* Carbon nanotubes and P450 have similar dimensions. Enzyme adsorption can occur
without significant loss of enzyme shape or catalytic activity [12].

e The CNT nanostructuration provides a third dimension available for the enzyme im-
mobilization. The increased electroactive coverage allows the conversion of a bigger
number of substrates in a given period of time, leading to higher catalytic currents.
Moreover, the porous nature of the nanostructuration allows deeper penetration of the
electrolytes solution and a larger surface available for the redox reaction.

* Physical adsorption of the enzymes onto CNT enables direct electron transfer between
the electrode and the active site, minimizing the electron tunneling distance [105]

* Sidewall and tips functionalization with carboxylic groups provides reactive sites that
improve the electron transfer rate between active site and electrode [40].

4.5 Multiple drug detection

A crucial aspect in P450 biosensor development is the sensor specificity. Every cytochrome
isoform has a broad substrate range, and the same protein can metabolize hundreds of differ-
ent compounds. However, different molecules can induce different active site conformations,
and may need slightly different energies to be mono oxygenated. As result, cyclic voltammo-
grams acquired in presence of different substrates show catalytic current peaks at specific
potentials referred as electrochemical signatures. An example is the work reported by Johnson
et al., which shows different reduction peak potentials for CYP2C9 in presence of Torsemide,
Tolbutamide and S-Warfarin [83].

In therapies like cancer or HIV treatment, as well as in common diseases like flu or bronchitis,
patients are obliged to assume drug cocktails which may likely contain substrates metabolized
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by the same P450 isoform. A method to recognize and quantify the contribution of different
drugs to P450 catalytic current is therefore necessary, and so far it has never been attempted.
In this section, it will be shown an approach to discriminate different drug contributions from
mixtures containing both Cyclophosphamide (CP) and Dextromethorphan (DX) or Naproxen
(NAP) and Flurbiprofen (FLU).

4.5.1 Methods

CYP3A4 and CYP2C9 biosensors and drug substrates were prepared and measured as described
in section 4.4.1.

4.5.2 Results

Previously it has been shown how individual Faradic contributes in a cyclic voltammogram can
be approximated by a Gaussian curve, and how the proximity of different peaks can change
the aspect of the plot, giving rise to broad peaks. According to the electrochemical signature
principle, different drugs produce peaks at slightly different potentials. We can assume that
enzymes in contact with a mixture of two drugs can metabolize either the compound A, the
compound B or the two compounds at the same time. This effect can cause the comparison
of two peaks in the catalytic current at a specific potential, each one reflecting a fraction of the
enzymes bound to one of the two substrates. The contribution of the single drugs to the total
catalytic current can therefore be described by multiple gaussian curves.

Figure 4.11 shows the Gaussian decomposition of the catalytic current of a CYP3A4 biosensor
in presence of two different concentrations of CP and DX. As can be seen, the peak profile
is asymmetric and presents a shoulder at -390mV, suggesting the presence of multiple con-
tributes. The fitting proposed was obtained placing the two Gaussians in correspondence of
the peak current potential and of the shoulder potential, and assuming a higher contribute
from the cyclophosphamide, present in higher concentrations. The effect of increasing con-
centrations of DX upon a fixed amount of CP is shown in Figure 4.12: higher DX concentrations
seem to produce an inhibitory effect on the cyclophosphamide catalysis as the peak potential,
detected at -296mV, gradually decreases. A possible description of this effect could be a neg-
ative heterotropic cooperativity of the two substrates [159], where the presence of a second
substrate inhibits the catalysis of the first in a concentration dependent fashion. However,
it is important to say that at best of our knowledge, there are no works in the literature that
support or deny that the couple CP/DX produces this particular effect. In a second experiment
we tested the interaction of naproxene and flurbiprofene with CYP2C9 biosensors (Figure
4.13). In this case, increasing amounts of NAP produce a distinct peak at -10mV but also seem
to enhance the catalysis of FLU, detected at +50mV, as the current at that potential increase
even if the concentration of the drug is maintained constant. A possible description of this
effect could be a positive heterotropic cooperativity, where the presence of a second substrate
enhances the catalysis of the first one. Again, we didn’t find other works in the literature that
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confirm or negate this particular enzyme kinetics for the couple NAP/FLU.

12 4 raw data
~—cyclophosphamide
—dextromethorphan
——gaussian sum
g
t
£ 4
= 4
3 /
,/'
0 '/\, T T T \‘—\
-50 -150 -250 -350 -450 -650

Potential vs Ag/AgCI (mV)

Figure 4.11: Catalytic peak current of a CYP3A4 biosensor in presence of different concentrations of
cyclophosphamide and dextromethorphan. Each drug contribute has been modeled with a Gaussian
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Figure 4.12: Catalytic peak current of CYP3A4 in presence of different ratios of CP and DX. The dotted
lines show the respective compounds’ electrochemical signatures. CP peak seems to decrease in
presence of increasing DX concentrations. Image adapted from [29]
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Figure 4.13: Catalytic peak current of CYP2C9 in presence of different ratios of NAP and FLU. The
dotted lines show the respective compounds’ electrochemical signatures. FLU peak seems to increase
in presence of increasing NAP concentrations. Image adapted from [29].
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4.6 Strategies to improve sensing accuracy

According to the electrochemical theory, pH and temperature variations change the peak
position and, if not properly considered, can twist the results obtained with the peak analysis
leading to false-positives in case of a solution with unknown substrates. pH and tempera-
ture monitoring ensures strict and precise control over the electrochemical detection when
multiple drugs are present in the sample, extends the applicability of the sensor to biological
fluids with different pH and temperature levels like blood, urine and interstitial liquid and,
from an implantable perspective, is important to account for temporary variations in the host
environment, like fever. In order to test pH and temperature effect on the biosensor response,
we acquired cyclic voltammograms of a CYP3A4 biosensor in PBS at different temperature or
pH values. The microsome Faradic peak at -420 mV was then extracted, and the peak current
plotted in function of different pH and temperature values.

Figure 4.14 shows the effect of different solution pH on the microsome peak potential. The
shift resulted to be reproducible and linear. We obtained a variation of 65.3mV/pH unit from
the regression equation. Such linear behavior is well explained by the Nernst equation

E=Ey-—in| |- —pH (4.3)
0

RT . (C,\ RT
In the equation, E represent the peak potential, E is the standard potential, R is the gas
constant, F is the Faraday constant, 7 is the number of electrons involved in the redox, C; and
Co are the concentrations of the reduced and oxidized species at the interface. Although the
equation also shows that the peak potential depends on temperature, from our measurements

we didn’t noticed a clear correlation between temperature and potential.

The biggest effect on temperature is however on the peak current, as shown in Figure 4.15:
current is decreasing regularly when the sample is heated, showing a direct relationship
between the two parameters. From the regression equation, we obtained a variation of -
16.7nA/°C. The link between current and temperature is well explained by the Randles-Sevcik
equation [19].

nFvD >
C; (4.4)

I nFAD(

Introducing the scanning velocity (v), the working electrode area (A) and the diffusion coeffi-
cient (D), the equation shows an inverse relationship with the square of temperature, which is
approximated by a linear curve for small windows in temperature.

As demonstrated by these experiments, the monitoring of pH and temperature is necessary to
precisely correlate the peak potential with the drug detected and the peak current with the drug
concentration. In a practical application, the biosensor response should be ideally calibrated
at controlled pH and temperature, and then all the measurements should be normalized in
current and potential according to calibrations similar to the ones presented.
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Figure 4.15: Microsome peak current variation respect to different temperatures. Error bars represent
the inter-electrode variation. Image adapted from [29].

A second issue in the accuracy of the P450 biosensor is the univocal identification of a single
drug using enzymes possessing a broad substrate range. Although the electrochemical signa-
ture can help in identifying a drug candidate, some compounds can induce the same potential
shift, as shown for Diclofenac and Sulphenazole [83]. A method to increase the identification
accuracy of a P450 biosensor relies in sensing a drug mixture with an array of cytochromes
capable to selectively respond to only a fraction of the compounds. An interpolation of the
answers can then help in identifying the analyte.

An approach for an appropriate array construction and compound identification can be
achieved by solving a covering problem, and it has been described in [30]. Figure 4.16 shows
an example of irredundant cover approach for the construction of P450 biosensor arrays:
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Figure 4.16: Irredundant cover approach for the design of a P450 biosensor array. Given a pool of
enzymes specific for different substrates (left) it is possible to eliminate the redundant signals and
reduce the number of the enzymes present on the array (right). Image adapted from [30].

given a pool of ten different enzymes (el... 10) with different substrates in common (S1...4), a
univocal identification and quantification of the four compounds can be achieved querying
only 4 enzymes, eliminating the need for useless additional biosensor arrays, while the use
the combined response of the array allows avoiding errors in the signal interpretation. In
the example reported, in case of a solution presenting a single compound, S1 will produce a
signal only on e5; S2 on €8, S3 on €9, while S4 must generate a signal on all the four enzymes
altogether, each one with an electrochemical signature characteristic of the enzyme and
the compounds. The combination of the electrochemical signatures of all the enzymes of
the array can be used as a “code” which will identify the drugs in a univocal manner. A-
priori knowledge of the drugs present in the sample will be anyway necessary to execute
Gaussian decomposition on the enzymes specific for multiple substrates. For example, from
the administration of S2 and S4, the biosensor signal will be decomposed only for e8, while
the concentration information on S4 coming from the other enzymes will help improving the
accuracy of the decomposition on e8 to calculate the value of S2. The table 4.3 summarizes the
codes obtained querying the array of Figure 4.16 against a single substrate or a combination of
two substrates.

sl
s2
s3
s4
sls2
s1s3
sls4
s2s3
s2s4 s2e8 /s4e8

s3s4 |  s4e8 [s3e9/s4e9|sae1o|

Table 4.3: Identification codes for different substrate combinations in the example reported in Figure
4.16. For each investigation all the four enzymes of the array are queried. Red boxes show absence
of signal, green boxes show enzyme/substrates interactions, while the code S(x)e(y) correspond to
the electrochemical signature of the substrate x on the enzyme y. The combined response of all the
enzymes of the array help in eliminating false positives, in better estimation of a drug contribute in
Gaussian decompositions and in providing a unique identification code for each drug.
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4.7 Measurement of residual drug concentrations in mouse serum

In order to test the applicability of the biosensor in a situation as close as possible to the reality,
we administered known drug amounts to mice, and collected samples of serum to sense the
residual drug concentration with a point-of-care approach.

4.7.1 Methods

Drug administration to mice, and samples collection were courtesy of the Institute for Research
in Biomedicine (IRB) of the Universita della Svizzera Italiana. Briefly, 3880ug of cyclophos-
phamide, 2225ug of naproxen, or 275ug of flurbiprofen were injected in mouse. After 3 hours,
200u! of blood serum from the mice treated with the drugs and from mice not subjected to
drug administration (negative controls) were collected and stored at -80°C until used. CYP3A4,
CYP2A1, and CYP2C9 biosensors and were prepared and measured as described in section
4.4.1.

Sensor calibration was done covering the electrodes with 100u/ of serum from the negative
controls, and injecting physiological concentrations of naproxen or cyclophosphamide. After
the calibration the sensor was washed by immersion in PBS and then tested versus samples
bearing unknown drug concentrations. PBS washing was performed before measuring a new
sample.

4.7.2 Results

Figure 4.17, Figure 4.18 and Figure 4.19 respectively show P450 peak current and calibration
curves for CYP1A2, CYP3A4, and CYP2C9 biosensors. Unknown drug concentrations were ob-
tained by interpolation with the calibration curve. Sensitivities, detection limits and unknown
drug concentration estimations are summarized in the table below.

CYP Drug Calibration Range(uM)  Sensitivity (nA/uM . mmz] Detection Limit (uM) Estimated Conc. Mouse 1(uM) Estimated Conc. Mouse 2(11M)
1A2 Naproxen 50-200 0.63 15.15 135 160

3A4 Cyclophosphamide 25-100 1.18 8.09 45 70

2C9 Flurbiprofen 50-300 0.68 164.07 163 168

All the considered sensors responded well to the drug calibration showing a linear increase
in the considered range, with the exception of CYP2C9, which resulted insensitive to the
lower amounts of flurbiprofene. Unknown drug concentrations seem to fit well into the
calibration curve; different individual metabolisms can be a possible explanation for the
differences in concentration found between the two samples. It is important to say that
even if promising and coherent with the calibration curve, the results shown have to be
considered an estimation, since cross validation of the concentrations found by interpolation
with an independent method like mass spectroscopy is needed to fully validate the detection
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Figure 4.17: CYP1A2 current response to naproxen (NAP) in mouse serum. Left: P450 peak current
(green — negative control; blue - current increase due to controlled drug addition to the negative control;
red - measurement of unknown drug concentrations from two different animals) Right drug calibration
curve and extraction of the unknown drug concentrations by interpolation.
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Figure 4.18: CYP3A4 current response to cyclophosphamide (CP) in mouse serum. Left: P450 peak
current (green — negative control; blue - current increase due to controlled drug addition to the negative
control; red — measurement of unknown drug concentrations from two different animals) Right drug
calibration curve and extraction of the unknown drug concentrations by interpolation.
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Figure 4.19: CYP2C9 current response to flurbiprofen (FL) in mouse serum. Left: P450 peak current
(green — negative control; blue - current increase due to controlled drug addition to the negative control;
red —- measurement of unknown drug concentrations from two different animals) Right drug calibration
curve and extraction of the unknown drug concentrations by interpolation.
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of unknown concentrations.

4.8 Chapter summary

The current state-of-the-art on P450 biosensors provided an ever increasing characterization
of the electrochemistry of P450. However, there is little previous research characterizing the
P450 biosensors as a diagnostic instrument. The results presented in this chapter represent a
first attempt to characterize P450-mediated electrochemical drug detection in scenarios more
close to the reality.

The P450 biosensors presented in this thesis are made on screen printed electrodes nanos-
tructured with carbon nanotubes and functionalized with P450 microsomes. MWCNT add
the third spatial dimension to the electrodes; therefore, given the same electrode area, a CNT
nanostructuration can generate more current and host a bigger number of enzymes.

The use of multi-walled carbon nanotubes proved essential in enhancing sensor sensitivity
and detection limit, enabling the detection of many of these drugs in their therapeutic range
and in complex solutions like human serum.

The Faradic contribution of each microsomal protein can be estimated by Gaussian decom-
position of the reduction current. To unequivocally highlight the drug contributions to the
Faradic current it is necessary to normalize the voltammogram data with a baseline which
excludes all the current generated in absence of substrate. Results showed that increasing drug
concentrations seem to affect the reduction current only in the region comprised between
+100 and -400mV.

Evidence of simultaneous drug metabolism by the same cytochrome has been shown for the
first time with electrochemical measurements. Gaussian decomposition has been proposed
as a method to infer the contribution of multiple drugs on the total catalytic current.

The measurement of temperature and pH, and the univocal identification of a set of com-
pounds towards combined array responses have been proposed as solutions to improve the
P450 biosensor accuracy.

A preliminary result on the point-of-care applicability of the biosensor in sensing unknown
drug concentrations has been showed by measuring serum samples coming from mice treated
with three different drugs.
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ATP biosensors

Adenosine-5-triphosphate (ATP) is a multifunctional purine nucleotide used by cells as an
energy source for many metabolic reactions. In addition, ATP affects different biological
processes like neurotransmission, muscle contraction and vascular tone [63]. Moreover, ex-
tracellular ATP, together with ADP and adenosine, plays a critical role in the physiological
regulation of inflammation. For this reason, ATP monitoring becomes of particular interest in
chronic pathologies as it might allow a timely and efficient evaluation of ongoing inflamma-
tion.

This chapter will describe the role of ATP in the inflammation and will present the characteri-
zation of an ATP biosensor based on carbon nanotubes, glucose oxidase and hexokinase.

5.1 Purinergic signaling during inflammation

The danger theory of immune system proposes that the defense apparatus of organisms is
principally occupied with detecting “danger”, defined as anything that cause tissue damage
or molecular stress [110]. Danger signals may have exogenous or endogenous nature. Exoge-
nous molecules are typically microorganism products, as LPS, or antigens, and are known
under the name of pathogen-associated molecular pattern molecules or PAMPs. Endogenous
danger signals can be produced by activated immune cells, or can derive from stressed or
damaged host cells. Molecules of this type are known under the name of damage-associated
molecular pattern molecules, or DAMPs. Chronic inflammation associated with autoimmunity,
chronic viral infection and cancer are also mediated by persistent release and function of these
molecules [135]. An endogenous molecule is classified as a DAMP if meets five conditions
[27]:

1. High intracellular concentrations.
2. Negligible extracellular concentrations.

3. Release following injury, infection or other inflammatory stimuli.
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4. Activation of selective and specific cellular receptors over a wide range of concentrations.

5. Quick degradation following their release.

ATP meets all these prerequisites. Healthy cells contain high ATP concentrations, but infec-
tions, ischemia, shear stress or necrosis can cause cell rupture and massive ATP release into
the extracellular matrix. Moreover, apoptotic cells can release ATP in a controlled fashion, and
endothelial cells or activated immune cells secrete ATP during the inflammation. The effect of
ATP in the modulation of the immune response is concentration dependent, cell dependent
and changes during the various stages of inflammation [27].

During the acute inflammation response, ATP functions as a pro-inflammatory and immunos-
timulatory mediator. Extracellular concentrations may raise rapidly following tissue damage,
marking the damaged site, and contributing to promote the inflammation and the initiation
of primary immune responses, such as the production of cytokines' and the recruitment of
leukocytes. In the second stage of inflammation, the extent of the response is fine-tuned by
endogenous immunoregulatory substances. In this phase ATP, together with its byproduct
Adenosine (Ado) are involved in a feedback system aimed to prevent over-activation of the
immune system and the onset of uncontrolled chronic inflammation. Finally, in the last stage
of inflammation, the immune response is down-regulated, allowing damaged tissues to be
regenerated and cellular homeostasis to be preserved. High concentrations of extracellular
Ado resulted to be an important immunosuppressive and tissue-healing factor.

Itis in the second phase of inflammation that ATP monitoring becomes particularly interesting
for the follow up and the optimization of the therapeutic regime in chronic pathologies. In
fact, pharmacologic studies in a laboratory and drugs that increase extracellular ATP and
ADP conversion to adenosine have shown therapeutic effect in patients with chronic inflam-
matory disease or ischemia [53]. Examples of drugs and compounds that affect the ATP
levels and whose efficacy can be monitored through ATP detection include Methotrexate and
Sulfasalazine, employed in rheumatoid arthritis and inflammatory bowel disease [53].

An issue concerning ATP detection is that the molecule has a short half-life and it is quickly
converted into adenosine [53]; moreover its release is localized in the zone of inflammation.
For these reasons, ATP monitoring in personalized therapy implies biosensing in the interstitial
fluid and placement of the biosensor in close proximity of the inflamed site. ATP monitoring
may therefore find an application in a long-term implantable biosensor for the follow-up of
chronic autoimmune pathologies.

1Cytokines (Greek "cyto-", cell; and ”-kinos”, movement) are any of a number of substances that are secreted by
specific cells of the immune system which carry signals locally between cells, and thus have an effect on other
cells. They are a category of signaling molecules that are used extensively in cellular communication. They are
proteins, peptides, or glycoproteins. A difference with hormones is that cytokines are involved only in the short
range cellular communication and do not have global effects.
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5.2 ATP detection: state-of-the-art

ATP is routinely measured with spectrophotometry [21], liquid chromatography [87], fluores-
cence [55], chemiluminescence [1], and bioluminescence [117].

Electrochemical detection of ATP has a wide range of applicability in physiological studies,
especially in those directed towards in vivo applications, due to the possibility to integrate the
sensor and the inexpensive cost of its realization with volume production.

ATP is not an electroactive compound, thus its electrochemical detection must be accom-
plished with enzymes or enzyme combinations that following ATP consumption will yield a
measurable product. This section will review the main approaches presented in literature.

5.2.1 H+ ATPase

ATPases are membrane bound ion transporters that couple ion movement through a mem-
brane with the synthesis or hydrolysis of ATP. Different forms of membrane-associated ATPases
have evolved over time to meet specific demands of cells. Among these, F-ATPases are the
prime enzymes involved in ATP synthesis. These membrane proteins can synthesize ATP
using an existing H* gradient, or can reverse the existing gradient by hydrolyzing ATP. An
H+ATPase biosensor has been described in the work of Bucking et Al. [28]. The group inte-
grated the enzymes in liposomes fused, in a second step, to a gold electrode functionalized
with a phospholipid SAM, to create an artificial phospholipid bilayer. By measuring the proton
concentration at the electrode interface the group managed to sense ATP concentrations
between 2.5 and 60mM.

5.2.2 Choline Kinase

Choline is an electroactive substrate whose concentration can be monitored potentiometri-
cally; choline kinase is an ATP-dependent enzyme. In presence of ATP the enzyme consumes
choline producing the electrode-insensitive choline phosphate, decreasing the choline con-
centration at the electrode interface and thus altering the potential recorded by the electrode
in a way proportional to the ATP concentration. The method was first described by Katsu and
Yamanaka [86]. The group managed to detect ATP concentrations up to 10 M using a choline
sensitive membrane electrode. Drawbacks of this approach are in the sensor construction
based on a membrane electrode, and therefore not suitable for miniaturization and integration
in a multi-parameter sensor platform, and in the fact that choline kinase must be added to
the sample solution in a second moment. This kind of sensor is therefore not suitable for
implantation.
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5.2.3 Apyrase

Apyrase catalyzes the hydrolysis of ATP and ADP in H,PO, and H*. In a recent work [116],
Migita et al. entrapped apyrase on the surface of a field effector transistor (ISFET) and success-
fully detected ATP concentrations ranging from 200 to 1000uM by sensing variations in the
gate voltage due to the protons created during the enzymatic catalysis. The method, suitable
for in situ analysis is however extremely sensitive to pH variations in the local environment
and cannot distinguish between ATP and ADP.

5.2.4 Glycerol kinase / glycerol oxidase

Biosensors based on Glycerol kinase (GK) and glycerol oxidase (GO) sense ATP towards a
two-step enzymatic reaction. In the first phase the GK, in presence of ATP, converts glycerol in
glycerol-3-phosphate (G3P). In the second phase, the GO converts G3P in glycerone phosphate
and H»O,, which is sensed by the electrode by chronoamperometry. Worth of note is the work
[102]. The group coated a Pt microelectrode with an ultrathin biolayer containing GK and
GO, obtaining linear response over ATP concentrations ranging from 200nM to 50uM. The
sensor was used in vivo to demonstrate ATP release from spinal neurons during locomotor
activity. Few years later, the sensor described by Llaudet et al. became the first commercial
electrochemical ATP biosensor, the Sarissaprobe®©.

5.3 ATP detection with nanobiosensors: experimental results

The ATP biosensors described in this chapter are based on the co-immobilization of glucose
oxidase (GOD) and hexokinase (HEX). As for P450 detection, ATP biosensors were realized
with an eye for practical applications, considering screen printed three-electrode cells for their
low cost of realization, and employing multi-walled carbon nanotubes (MWCNT) to enhance
the electrochemical response. Data in the next sections, successfully published in [37], will
present the characterization of this nanobiosensor.

5.3.1 Detection principle

The glucose oxidase / hexokinase ATP biosensor was described for the first time in the work of
Scheller and Pfeiffer [141]. Both GOD and HEX are sensitive for the substrate glucose, but with
a different catalytic mechanism:

GOD

glucose+ 0O, gluconic acid+ H, O, (5.1)

HEX

glucose+ ATP glucose—6—-P+ ADP (5.2)
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5.3. ATP detection with nanobiosensors: experimental results

In absence of ATP, glucose is totally converted in gluconic acid and H, O, by the glucose oxidase.
The current detected is generated by the discharge of the hydrogen peroxide at the electrode
surface, according to the following mechanism:

Hy0, =2V, ot £ 0, 42" (5.3)

If only glucose is present, the electrochemical response of the biosensor becomes proportional
to the glucose concentration in the media; in presence of ATP, the hexokinase can initiate the
catalysis of glucose, and competes with the glucose oxidase for the substrate. In this situation,
the quantity of hydrogen peroxide decreases and the electrochemical signal is reduced. The
discharge of hydrogen peroxide is detected by chronoamperometry. In chronoamperometry
the electrode is polarized at a fixed potential and the current is recorded in function of time
[19]. The applied potential typically corresponds to the oxidation or reduction potential of the
analyte. The Cottrell equation describes the current flow through the electrochemical cell

. D
(1) =nFAC\| — (5.4)
Tt

Where 7 is the number of electrons involved in the discharge process, F the Faraday constant,
A the electrode area, C the concentration of the electroactive specimen at the electrode in-
terface and D its diffusion coefficient. The equation clearly shows that current intensity is
proportional to the analyte concentration. Hydrogen peroxide is easily detected in chronoam-
perometry by applying a constant potential of +650mV vs Ag/AgCL

5.3.2 Sensors fabrication

Gold screen printed electrodes (model DRP 250AT) and multiwalled carbon nanotubes powder
(MWCNT-diameter 10nm, lengths 1-2uM, COOH content 5%), were purchased from Dropsens.
Glucose oxidase from Aspergillus Niger; hexokinase type 3 from Baker Yeast and D-(+) glucose
were obtained from Sigma. ATP was bought form Aldrich. GOD and HEX were diluted to
the stock concentration of 30mg/ml in PBS buffer pH7.4. Glucose was diluted in PBS to
the concentration of 1M and kept at 4°C overnight before the first use, in order to allow the
mutarotation of the molecules in solution.

The electrodes were made of a gold working electrode, a platinum counter electrode and a
silver reference electrode. The working electrode area was 12.56mm?, while the total area of the
cell, 22mm?. CNT nanostructuring was obtained by drop cast of 30ug of CNT solutions on the
working electrode until complete evaporation of the solvent. Glucose oxidase and hexokinase
were then mixed in a 1:1 ratio to obtain a solution with 15mg/ml of each protein. 20u/ of the
solution were then drop cast onto the working electrode, and let dry at 4°C overnight.

The electrochemical response of the electrodes was investigated by chronoamperometry under
aerobic conditions and in presence of mild solution stirring (100rpm). Chronoamperometries
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were acquired at the potential of +650mV versus Ag/AgCl, using a Versastat 3 Potentiostat
(Princeton Applied Technologies). The electrode was dipped in 25ml of PBS 1x, MgCl 5mM
pH 7.4. Mg?+ ions are necessary for the catalysis mediated by the hexokinase. The optimum
concentration of the ion was previously described by in [42]. Glucose and ATP samples were
then injected in the solution during the chronoamperometry.

5.3.3 ATP measurement and CNT nanostructuration

As previously said, ATP detection with the GOD/HEX method is indirect: the current signal
of the hydrogen peroxide generated by the glucose oxidase decreases when ATP is present in
the sample, as the activated hexokinase competes for the substrate glucose and generates a
non-electrolytic compound. In order to detect ATP, we initially measured the output current
for glucose. Once the current was stabilized, we recorded the current variation in presence
of increasing ATP concentrations, from 200uM to 1mM. After each ATP injection the signal
decreased slightly to a new steady state value, as shown in Figure 5.1.

As for P450 biosensors, MWCNT nanostructuration enhanced the output current. Figure 5.2
compares the ATP response on bare and electrodes enriched with drop cast MWCNT. The
addition of carbon nanotubes resulted in a 4x increase in sensitivity.
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Figure 5.1: Current response following ATP injections. Arrows mark injection time. Every injection
corresponds to a 2001 M increase in the ATP concentration.
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Figure 5.2: Current response in ATP biosensors with and without drop cast CNT. Error bars represent
instrument noise.
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5.3.4 Effects of multiple enzyme immobilization

Figure 5.3 compares the current response of a glucose biosensor and an ATP biosensor with
the same CNT nanostructuration. While the glucose sensor was prepared by drop casting
181 of a solution containing 15mg/ml of GOD, the ATP biosensor presents a double protein
concentration: 15mg/ml of GOD plus 15mg/ml of HEX for the same drop volume. The sensors
were tested with 2 injections of 12.5u! of glucose 1M. In presence of hexokinase, the output
current decreased to 2.7%, suggesting that the presence of a second protein is lowering the
biosensor performance. Same results were obtained when the total protein concentration for
the ATP biosensor was maintained at 15mg/ml, thus excluding the possibility of an excessive
protein amount. A possible explanation is that protein adsorption onto the electrode surface
could have created protein interactions that can limit the enzyme efficiency.
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Figure 5.3: Comparison of the glucose current response between single and double enzyme immobi-
lization in nanostructured electrodes. Red line: GOD sensor; Black line and inset, GOD+HEX sensor.

5.3.5 Biosensor response in physiological glucose concentrations

In order to test the ATP biosensor in closer physiological conditions, the measurements were
repeated in solutions with glucose concentrations ranging from 1mM to 3mM, values typically
found in rat interstitium [14]. Figure 5.4 shows the ATP response for a single biosensor tested
at different glucose concentrations. For each response, we calculated the sensitivity according
to the equation

1d (iss - igl )

S==
A dC

(5.5)
where S is the sensitivity, A is the working electrode area, i, is the steady state current reached
after each ATP injection, ig; is the steady state current reached after the glucose injection and
C is the ATP concentration.

We obtained a sensitivity of 26.8p A/ uM - mm?for glucose 1mM, 23.9p A/ uM - mm? for glu-
cose 2mM, and 12.5p A/uM - mm? for glucose 3mM. The sensitivity reduction in presence
of glucose 3mM is caused by the saturation of the sensor to the substrate: given identical
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Figure 5.4: Calibration curves for the ATP response from 0 to 1mM at different glucose concentrations.
Error bars represent instrument noise.

ATP concentrations, increased glucose availability reduces the extent current decrease op-
erated by hexokinase, leading to an absence of the response/concentration proportionality.
A similar effect was already observed with the GOD/HEX sensor developed by Soldatkin et
Al [154]. This behavior was also confirmed in another experiment in which we repeated two
consecutive glucose/ATP injection cycles (Figure 5.5). During the second cycle, the biosensor
became insensitive to glucose, as we did not record a relevant increase in the current. ATP
sensitivity decreased from 23.1pA/uM - mm? in the first cycle to 12.9pA/uM - mm? in the
second: a result comparable with the values shown before. Nevertheless, it is not possible to
exclude that for this experiment the total ATP concentration could have affected the biosensor
response in the second cycle: high ATP levels could have saturated the Hexokinase, leading to
a decrease in sensitivity.

Therefore, it is necessary to constantly monitor the glucose level in an independent manner, for
example by coupling a sensor which constantly follows the glucose oscillations. An additional
advantage in the employment of an independent glucose sensor is to make the ATP biosensor
not subjected to the interference of the molecules oxidized at +650mV, like catechols or
ascorbic acid: in the GOD/HEX biosensor, the ATP detection is done on a subtractive basis,
detecting a current decrease due to the hydrogen peroxide deprivation caused by the activation
of the hexokinase. Contaminants oxidized at +650mV will only affect the initial baseline current
which is monitored with another sensor.

It has been shown that tumor interstitium has glucose concentrations in the range of few
hundred ofuM/1 [34] and accumulates ATP at high concentrations [128]. Our sensor, which
resulted sensitive to micro-molar amounts of ATP, and operates with better efficiency with
glucose concentrations below 1mM, is therefore able to detect pathological concentrations
of ATP, and can ideally find an application as a tool to personalize the anticancer therapy.
For example, it is known that ATP hydrolysis favors the tumor growth causing release of the
metalloprotease MMP9 [66], which facilitates tumor invasion, and expression of indoleamine
oxygenase [106], an immunosuppressive compound. In the perspective of a therapy which
inhibits the ATP degradation, the sensor could be used to monitor the stability of ATP in the
tumor microenvironment, and therefore validate the efficacy of the treatment.
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Figure 5.5: Effect of two different glucose concentrations on the ATP detection during the same
experiment.

5.4 Chapter summary

ATP is a Damage Associated Molecular Pattern molecule involved in the regulation of the
inflammatory response. ATP monitoring becomes interesting to evaluate in situ the efficacy of
drugs that increase ATP conversion to adenosine.

The chapter presented an ATP biosensor based on MWCNT, glucose oxidase and hexokinase.
The sensor is sensitive to the hydrogen peroxide produced by the GOD. In presence of ATP,
GOD and HEX compete for the substrate glucose decreasing the current signal with strength
proportional to the ATP concentration.

The sensor was able to detect ATP concentrations of hundreds of micromoles. Concentrations
detectable with our sensor have been found the interstitium of solid tumors [128]. As putative
application, the sensor can be used to monitor the ATP levels during therapeutic intervention.
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Design and test of an implantable
sensor platform

The realization 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. As already stated in the introduction, mature analytical devices must also
face the challenges of signal processing, data transmission, powering and end-user interface:
electronics and biosensor components must be integrated together. This 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 enable reliable measurements.

In this chapter will be discussed design, fabrication, functionalization and test of a sensor
platform hosting an electrochemical cell with five independent working microelectrodes,
a temperature sensor and a pH sensor. The presence of multiple electrodes permits us to
monitor multiple parameters, such as different drugs, ATP and glucose with a single device,
while the presence of pH and temperature sensors ensure precise identification and measure-
ment of the drugs. Indeed, in chapter 5 it was shown how a drug electrochemical signature is
dependent on solution pH and how the catalytic current is influenced by temperature.

The implantable array, which measures 2.2x15mm, is designed to be integrated with a CMOS
chip for on-board generation of voltage ramps [61], and a multilayer coil for remote powering
by inductive link [125]. The three parts together constitute the building blocks of a fully
implantable device. The results presented in this chapter have been published in [35]
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6.1 Platform design and microfabrication

6.1.1 Material choices

Choice of materials and fabrication techniques were done considering biocompatibility, sim-
plicity of fabrication and precision as of primary importance. The sensor platform has been
realized with 3 materials: a silicon substrate, a platinum metallization and an alumina (Al» O3)
passivation.

* Silicon has been chosen over glass as carrier substrate for its better thermal conductibil-
ity, in order to improve the dissipation of heat generated by the integrated circuit.

¢ Platinum has been selected for three distinctive advantages:

1. Biocompatibility and resistance to corrosion: platinum has been widely used in
medical devices since 1970 [43].

2. Pseudo-reference electrode behavior. The implementation of standard reference
electrode systems, such as Ag/AgCl or saturated calomelane may be problematic
in miniaturized devices, as they require a compartment of liquid electrolyte which
can be subject to leaking, consequently harming the host, and which makes its
implementation difficult. Platinum has an established behavior as pseudo reference
electrode [25]: its potential varies in a predictable manner according with the
solutions conditions. Pseudo reference electrodes can be calibrated by including
in the solution a redox compound with well-defined potentials, like ferrocene.
Observed potentials are then adjusted to the known potential of the redox couple.
In an implantable device these calibrations may be done with a sample of body
fluids at different pH and temperatures, which are then monitored by the device
itself with additional sensors.

3. Temperature dependence. Pt resistance changes proportionally to temperature.
This feature makes platinum an excellent material for the fabrication of resistive
thermal devices (RTD) [38].

¢ Aluminum Oxide (Al; O3) is an insulating material already used in biomedical coatings
for its biocompatibility [156].

Thanks to the reduced number of materials, only two masks resulted necessary for the whole
microfabrication process, enabling the production of a significant number of samples in few
days.

6.1.2 Process flow

The microfabrication was carried out at the Centre of Micro-Nano Technology of EPFL (CMI)
using standard photolithography procedures. In brief:
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* Silicon wafers with 500nm of native oxide were chosen as substrate. The presence of
native oxide enhanced the passivation adhesion.

* Metallization was realized by evaporation of 10 nm of Ti, followed by 100 nm of Pt. Ti
layer has been included to promote Pt adhesion on silicon.

* Passivation was made by atomic layer deposition (ALD) of 10 nm of Al;O3)). ALD en-
ables the controlled growth of thin, uniform and pinhole free passivations [91]. Such
procedure conferred improved resistance to chemical etchants: we were able to clean
our sensor array up to 45 minutes in piranha solution (H>SO,4/ H» 0,3:1) without notic-
ing any visible degrading of the passivation. Moreover, the limited thickness of the
passivation facilitates diffusion of analytes at the micro electrode interface.

* Passivation openings were made by dry etching, by exposing the wafer to 90” of Argon
Ion Milling (AIM). AIM has been chosen for its ability to produce precise anisotropic
etching. We assumed that the elimination of the etch undercut produced by isotropic
methods could improve the robustness of the passivation when the platform is subjected
to chemical cleaning or highly reactive electrochemical procedures.

The whole microfabrication process relies on only two photolithography masks, and can be
described in 10 points, resumed by the Table 6.1 at the end of the chapter.

6.1.3 General design choices

Biosensors, pH and temperature sensors and slot for circuit integration have been placed
in a row. Although the size of the final assembled prototype is still too big, this solution
enables the realization of a sensor platform of cylindrical shape and limited volume, which
can be implanted by injection!. To facilitate handling and electrochemical characterization
with commercial potentiostats, the implantable part has been designed as part of a bigger
platform, which hosts pads compatible with commercial connectors. Figure 6.1 shows one of
the devices employed for the in-vitro characterization, while Figure 6.2 presents a detail of
the implantable part and the single sensor components: the biosensor array, the pH sensor
and the temperature sensor, whose description and characterization is presented in the next
sections.

Figure 6.1: Photograph of the microfabricated platform for the in-vitro characterization. Arrows
indicate the dicing crosses used to obtain the implantable sensor.

1To be injected, the final diameter of packaged implant should not exceed 2.5-2.6mm, as the inner diameter of
the biggest needle is 2.692mm. Source: Sigma-Aldrich
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WE geometries

electrode
500 um

Temp sensor

array pH sensor
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array Pads for
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Figure 6.2: Implantable platform — detail. Left, different WE geometries; centre, whole platform
(5001 M model); right, temperature and pH sensors, pads for IC integration and schematics of the
electrochemical cell.

6.2 The biosensor array

6.2.1 Design

The biosensor block has been designed as an electrochemical cell including 5 independent
working electrodes (WE) and common counter (CE) and reference (RE) electrode. This solution
simplifies the interconnections with the sensing circuitry, optimizing at the same time the
available space. The counter electrode has been realized with an inter-digitated geometry.
This design choice granted that each WE is equally surrounded on three sides by the CE and
from one side by the RE. Inter-digitation allows the creation of a uniform electric field around
each single working electrode and maximizes the local CE area.

The working electrodes were fabricated in the micrometer scale. The diffusion of electroactive
substances towards microelectrodes (ME) differs from macroelectrodes, where only planar
diffusion perpendicular to the surface occurs. When a current is flowing at microelectrodes,
hemispherical diffusion layers are formed within seconds. Due to the radial component of
diffusion, more electroactive particles per surface area reach the electrode within a time unit.
Sigmoidal cyclic voltammograms instead of peak-shaped ones are obtained, even at scan rates
of tens of mV/sec, because of a steady-state mass flux to the electrode surface [20]. In addition,
the current density increases and, as a result, an improved signal-to-noise ratio is obtained
[172]. The drawback in using ME is the low current produced. Microelectrode arrays (MEA)
provide an attractive alternative to because they can yield responses of magnitude similar to
macroelectrodes, but with a considerable lower capacitive background [44]. Maximum current
density is reached when each electrode in the array acts as an individual microelectrode, a
situation achieved when individual diffusion layers do not overlap [44]. For this reason, elec-
trode dimensions and intra-electrode spacing become critical parameters in the optimization
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of the MEA response. According to the work of Saito [140], individual diffusion zones for a
single microelectrode are approximated to a distance of 6 times the electrode radius. Intra
electrode spacing should be therefore at least 12 times the radius of a single electrode. The
best properties of MEAs can be assumed for (i) smaller microelectrodes, (ii) situations when
the number of electrodes in the microelectrode array is increased because the signal to noise
(S/N) ratio increases and (iii) when the distance between electrodes is large [20].

In order to explore the best configuration for our biosensor, the working electrodes were real-
ized in three different geometries: a round electrode (diameter 500um, area 196’250um?), and
two microelectrode arrays (diameter 10um, 208 electrodes, spacing 100um, area 16'328um?;
diameter 40um, 14 electrodes, spacing 400um area 17’584um?), named Electrode 500, Array
10 and Array 40. Openings and spacing of the microelectrode array were chosen considering
the results presented by Berdoque et Al,[20], which describe a screening of multiple geometries
and configurations.

6.2.2 Characterization of bare electrodes

Since the platform has common reference and counter electrodes, working electrodes were
initially characterized by cyclic voltammetry with potassium ferrocyanide 10mM to test if
their response was dependent by their position in the array. Figure 6.3 shows the results for
the electrode 500 geometry. As can be seen, voltammograms are well overlayed, with the
exception of the topmost electrode (electrode 1 - blue) which yields a slight lower peak current,
but whose contribute is negligible (100nA of difference). This result proves that proposed
design grants reproducible results among the different working electrodes.

In a second experiment we studied the voltammogram profiles and the scan rate dependence
of various geometries. Figure 6.4 shows a comparison between the different designs. As can be
seen, both Array 10 and Array 40 present a microelectrode behavior, with reduced capacitive
background and a steady state current, while the Electrode 500 behave as a conventional
macroelectrode, showing the typical peak profile. All the three geometries shown current/scan
rate dependence, however, in proportion, current increase for the Array 10 is more contained
compared to the other two geometries. At the same scan rate the Array 10 produced a higher
steady state current respect to the Array 40. Since the two geometries have very similar area,
this result suggest that the improved signal can be attributed mostly to the electrode design. It
is however important to say that other factors may have affected the voltammogram profile of
the two microelectrode array as well as the current dependency with respect to the scan rate.
Not surprisingly, the Electrode 500, which is the largest, also produced the highest current.
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Figure 6.3: Cyclic voltammetry scans of the different working electrodes of the sensing platform. Blue:

electrode 1 (topmost); red, electrode 2; green, electrode 3; cyan, electrode 4; purple, electrode 5
(bottommost).
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Figure 6.4: Cyclic voltammetry of potassium ferrocyanide 10mM for the three WE geometries at
different scan rates. Blue: scan rate 10mV/sec; pink, scan rate 100mV/sec; yellow, scan rate 500mV/sec.

Bottom-right, comparison of the CV response at 50mV. Blue, Array 10; red, Array 40, green, Electrode
500.

In a third experiment we compared the electrodes sensitivity towards repeated injections of
hydrogen peroxide 10mM measured by chronoamperometry at +650mV. Figure 6.5 reports
the results for each WE design, and a comparison with a commercial platinum screen printed
electrode. The Array 10 provided the highest sensitivity, but also a larger variability in the
results; the Array 40, of equivalent area, showed only the 55% of sensitivity of the Array 10,
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but improved reproducibility. The Electrode 500 showed the lowest sensitivity, but values
are comparable with the commercial electrode (diameter 1.6mm, area 1’538’600um?), while
standard deviation is remarkably lower.

7 - 5.808 marray 10
array 40
6 - m electrode 500

m electrode 1600 (SPE)

Sensitivity (pA/mM pm?)
o

Figure 6.5: Sensitivities of different WE geometries to H» O,. Before measurement, the sensors were first
dipped in a 1x PBS solution pH7.4, and conditioned for 1200” at +900mV. Values obtained averaging 5
results. Error bars: standard deviation. Image from [35].

6.2.3 Microelectrodes nanostructuration

A drawback of employing ME and MEA is the difficulty to precisely functionalize each single
microelectrode. An additional complication is due to the presence of multiple biosensors on
the same platform: proteins must be precisely immobilized on the right electrode in order
to avoid the risk of contamination and the generation of misleading signals. Micro-spotting
is a technique commonly employed for the electrode functionalization, but presents several
limitations: spot size is fixed therefore electrodes smaller or bigger than the spotting diameter,
as well as non-round geometries, cannot be precisely covered; spotting resolution is limited
by the machine precision, and finally the instruments are expensive. An alternative technique
is the electrode functionalization by chitosan (CHT) electrodeposition. Chitosan is a natural
polysaccharide obtained from the deacetylation of chitin which finds large employ in enzymes’
immobilization for its biocompatibility, antibacterial properties and affinity to proteins [95],
and in the solubilization of carbon nanotubes [103]. The amino group in chitosan has a
dissociation contant (pK,) of ~6.5, which leads to a protonation in acidic to neutral solution.
When the solution pH exceeds the chitosan pK, chitosan becomes insoluble and coagulates
to a hydrogel. The polarization of an electrode creates a localized region of high pH that
can exceed chitosan’s solubility limit, allowing CHT polymerization and entrapment of any
other compound present in the original solution with high spatial selectivity, regardless the
electrode shape, dimensions or inter-electrode distance. An additional advantage of CHT
electrodeposition is that the degree of deposition can be precisely controlled varying the
deposition time; therefore this technique enables reproducible functionalizations when the
same solution is used. Finally, carbon nanotubes, enzymes and chitosan can be mixed together
and deposited in a single step.
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Electrodeposition procedure

Chitosan solution 0.7% w/v was made by dissolving CHT flakes (medium molecular weight —
Aldrich) in a solution of acetic acid 2% pH 3 and stirred until complete dissolution. Final pH
was then set to 5. MWCNT (diameter 10nm, lengths 1-2um, COOH content 5% - Dropsens)
were added to the solution at the concentration of Img/ml. The dispersion was sonicated
again until homogenization. Glucose oxidase (GOx) 5mg/ml (Sigma) was added to the mix just
before the electrodeposition. To prevent hydrogen evolution at the electrode surface, H,O»
20mM was added to the preparations before the electrodeposition [183]. The coating was
performed applying a constant potential of + 1.5V for 300, 600 or 1200 seconds to a specific
working electrode, followed by a rinsing in water to remove the solution excess.

Electrodeposition results

As expected the electrodeposition was localized only in proximity of the electrode openings.
Figure 6.6 shows the nanostructuration on the 10um geometry for different electrodeposition
times: 300, 600 and 1200” respectively on electrodes 2, 3 and 4 of the same array. Longer times
led to more defined films: due to the material accumulation, the nanostructuration radius
after 1200” resulted to be almost the double of the one obtained after 300”. Radius increase
was noticed only for the array 10 geometry, and only between 600" and 1200". This is probably
due to the small size of the microelectrodes: after 600" the electrodeposited chitosan/CNT
composite probably filled the electrode opening and expanded outside. Figure 6.7 presents
the H, 0, response for different depositions on the Array 10. Sensitivities decrease, due to
the chitosan insulating effect. The inclusion of conductive MWCNT permitted us to recover
part of the current response, but doesn't replicate the bare electrode results. No appreciable
differences were found between 300" and 600", while a time of 1200” led to a decrease in the
performance. A possible explanation is that longer deposition times may have led to thicker
and therefore more insulating films, although other factors may have contributed to this effect,
since the performace decrease do not seem proportional to the deposition times considered.

The inclusion of glucose oxidase enabled the preparation of a biosensor towards a single
step electrodeposition. figure 6.8 shows the response of the Electrode 500 to repeated in-
jections of glucose 2mM. We obtained a sensitivity of 0.09p A/ mM - um?. It is important to
say that glucose detection was achieved only employing the 500um geometry, regardless the
electrodeposition time. We attribute this effect to the electrode area: the microelectrode
arrays have a surface almost ten times smaller than the 500 m geometry, therefore with the
current protocol, the amount of immobilized enzyme resulted probably too low to yield ap-
preciable H, O, production, and suggesting that smaller electrode geometries may require the
electrodeposition of more concentrated enzyme solutions.
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Figure 6.6: Selective nanostructuration of the 10um array with different electrodeposition times.

Polymerization occurs only above the microelectrodes. Longer times lead to larger films. Image from
[35].
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Figure 6.7: H,O,response on the 10um array for different kinds and times of electrodeposition. Values
obtained averaging 5 measurements. Error bars, standard deviation. Image from [35].
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Figure 6.8: Glucose response of the 500um electrode after 600” electrodeposition of the CHT/CNT/GOx
dispersion. Each step corresponds to a 2mM glucose injection. Image from [35].
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6.3 The pH sensor

The pH sensor, in Figure 6.9, consists of a 250,um2 square electrode coated with an electrode-
posited film of iridium oxide (IrOx). IrOx is one of the most promising materials for thin-layer
pH electrodes, as it confers advantages as wide pH response range, fast response time, high
pH sensitivity, low potential drift, and low sensitivity to redox pair interference [108].

Iridium oxide films can be prepared by several methods. Examples include sputtering [90],
thermal decomposition of an iridium salt [6], thermal oxidation of an Iridium-carbon film
[166], and anodic electrodeposition [178]. While other methods require complex procedures
such as high-temperature treatment, electrochemical activation, or expensive iridium targets,
the anodic electrodeposition of iridium oxide films (AIROF), become one of the election
techniques for the functionalization of planar electrodes because its relative simplicity and
manufacturability in large-scale applications.

pH detection with IrOx films is based on the reversible redox reduction of the Ir/IrO, couple,
according to the relation described in [76]:

IrO,+4HY +4e” = Ir+2H,0 (6.1)

Differences in pH affect the stoichiometry of the equation and change the equilibrium poten-
tial of the Ir/IrO, couple. By monitoring the open circuit potential between the IrOx electrode
and the reference electrode it is therefore possible to sense the solution pH.

Our pH sensor was realized by electrodeposition of a solution iridium oxide onto a micro-
electrode of 250um?. The IrOx solution was prepared according to the methods described in
[60]. Briefly, 150mg of iridium tetrachloride, 1ml of H» O, (30% v/v) and 500mg of oxalic acid
dehydrate were dissolved in 100ml of milliQ water; once the solution was homogenized, pH
was set to 10.5 by adding small aliquots of anhydrous potassium carbonate. The solution was
then stored at room temperature for two days to allow stabilization. A color shift from yellow
to light-violet indicated it could be used for a successful deposition. Anodic deposition was
performed by applying a current density of 0.15m.A/ cm? for 80’. After deposition electrodes
were rinsed in distilled water and stabilized in PBS pH7.4 for two days before being calibrated.
The electrode was then dipped in PBS solutions at different pH and the open circuit potential
was used to build a calibration curve. Figure 6.10 shows our best measurement in the pH
range 5-8. In the considered range, the potential decreases linearly with increasing pH. The
sensor provided a sensitivity of 0.7uV/pH unit - um?. This result proves that our pH sensor is
able to detect pH variations in the physiological range.
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Figure 6.9: Photograph of the pH sensor coated with iridium oxide (red insert).
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Figure 6.10: Open circuit potential of the IrOx coated electrode to different solutions pH. Error bars,
instrument noise.Image from [35].

6.4 The temperature sensor

The most popular temperature sensors used today are the Thermocouple, the Resistive Tem-
perature Device (RTD), thermistors, and Integrated Silicon Based Sensors [18]. A thermocouple
consists of two dissimilar metals in contact, which produces a voltage when heated; the size of
the voltage is dependent on the difference of temperature of the junction to other parts of the
circuit. A RTD is a metal conductor which exhibit changes in resistance when the temperature
changes; thermistors function similarly to RTD but employ ceramic or polymers instead than
metals and finally Silicon based sensor rely on integrated circuit design. Each of these sensor
technologies cater to specific temperature ranges and environmental conditions. While the
thermocouple is most appropriate for higher temperature sensing, the RTD is best suited for
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lower temperatures were good linearity is desirable; the thermistor is typically used for appli-
cations with smaller temperature ranges, and offers greater accuracy than the thermocouple
or the RTD, and finally the silicon based sensor ensures high stability over time [18].

Our sensor consists in a Platinum RTD of 0.02x16mm length (Figure 6.11). Among other
metals employed in RTDs such as Cu and Ni, Pt presents linear behavior in the physiological
temperature range, biocompatibility, and the highest metal resistivity [18]. The choice of
platinum RTD also enabled the micro fabrication of the temperature sensor without additional
process-flow steps. An additional advantage of using RTD, instead of temperature sensors
integrated in the sensing circuitry is that the metal it is not affected by the circuit heating.

The sensor was tested by dipping the platform in solutions with temperatures ranging from 25
to 40°C. The result is presented in Figure 6.12. Resistance increased linearly with temperature.
Our device provided a resistance of 2.2kQ) and a sensitivity of 6.8Q2/°C. Although the sensor
succeeded to measure temperature variations in a linear fashion in the physiological range,
we found that the power demand was still too high for the sensing circuitry to integrate. After
simulation, we established that best results are obtained increasing the resistance to 100KQ.
RTDs of 0.04x160mm can achieve this result. Further prototypes will be implemented with
this solution.

Figure 6.11: Photograph of the temperature sensor.
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Figure 6.12: Resistance values of the Pt RTD at different solution temperatures. Resistance increases
linearly with temperature. Error bars, average of 3 measurements. Image from [35].
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6.5 Chapter summary

The sensor array was microfabricated considering biocompatibility, performance, robustness
and simplicity of fabrication, as leading criteria for the design and the materials choice. Among
tested geometries, the Array 10 showed the highest response respect to H» O», but resulted too
small to immobilize sufficient enzyme amounts to permit glucose detection. Electrodeposition
proved useful in patterning with CNTs complex geometries and conferred better resolution and
uniformity respect to the drop cast. Inclusion of enzymes and CNTs in chitosan granted fast
and simple preparation of biosensors in a single step electrodeposition. The use of chitosan
reduced the sensors’ sensitivity, but the inclusion of CNTs allows recovering part of the original
response. The proposed solutions for pH and temperature sensors showed linear response in
windows including the physiological range.

These results together suggest that our sensor array can be exploited for the monitoring of
multiple parameters. Future work will focus on the improvement of the nanostructuration to
enable drugs and ATP detection.
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Step

Process description

Cross-section after process

01

Wafer dehydration

Improvement of photoresist
adhesion to the substrate

Substrate:
Si test wafer + Si0; 500 nm

02

Photolithography — metal
mask
Coating/exposure/development of a
lift off resist (LOR) and a positive
photoresist to create the metal
pattern

Materials :
LOR + AZI1512 HS

Thickness:
400 nm + 1.6 um

UV LIGHT Mask

IR IE R 4

||
Photoresist
LOR+AZ1512

b
—

03

Metal evaporation

e-beam evaporation of a thin layer
of Ti and a thick layer of Pt to create
the metal patterns. Ti is used to
promote Pt adhesion the substrate.

Materials:
Ti 10 nm (stick layer)
Pt 100 nm

Pt +Ti (adesion layer)

BREEEEEEE

04

90

Liftoff
Removal of unwanted metalby

dissolution of the lift off resist in a
chemical bath.
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05

Oxygen plasma

Further removal of unwanted metal
and photoresist by oxygen plasma

and

Surface activation before the atomic
layer deposition

Procedure
0, flow: 400 mi/min
Power: 500 W
Variable time

O:2 PLASMA

EEREREE

!

06

Atomic layer deposition
(passivation)

Application of an insultating layer
of ALO; to passivate the chip

Material:
ALO; — 10 nm

A|203 (passivation layer)

by by by

|

07

HDMS Priming

Wafer dehydration and vapour
deposition of hexadimethilsilazane
to improve photoresist adhesion

HDMS
Vbbb

|

08

Photolithography - opening
mask
Material :
AZI512 HS

Thickness:
400 nm + 1.6 pm

UV LIGHT

Makllllllll

|

Photoresist
AZ1512

09

Passivation etch

Argon Ion Milling
90"

ARGON ION MILLING
W W

10

Strip resist

Passivation Pt +Tij
oper:ings

SiO:

~

Si

|

Al:O;

Table 6.1: Process flow of the microfabricated sensor platform.
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4 System packaging and biocompatibil-
ity

When discussing implantable biosensors, biocompatibility and biostability aspects are crucial.
Material, size and shape of the implant must be well tolerated by the host, in order to avoid
important adverse effects; sensor electronics must be protected by the corrosive action of
body fluids and finally strategies to prevent the confinement of the implant by fibrosis must
be adopted in order to preserve the sensor functionality.

Biocompatibility and biostability can be promoted by an effective packaging and are assessed
by in-vitro and in-vivo tests. In the first part of this chapter, the immune response to an
implant, the strategies to solve specific biocompatibility and biostability issues and the con-
troversies about the biocompatibility of carbon nanotubes will be reviewed. The last part
of the chapter will present data on assembly, packaging and short term in-vitro and in-vivo
biocompatibility evaluation of the implantable sensor platform.

7.1 Background and state of the art

7.1.1 The foreign body reaction

The innate response of the host to the introduction of exogenous material is called the foreign
body reaction (FBR). A detailed description of this reaction can be found in [133, 173], below a
summary is given.

Immediately after insertion, an implant spontaneously acquires a layer of host proteins.
Composition, concentration and conformation of this protein layer are dependent on the
foreign material and the implantation site. As consequence of the insertion, a fibrin clot
is formed to close the lesion, while an oedema is formed close to the wound. Neutrophils
and macrophages present at the injured site start to clean up the damaged area and release
molecules to promote further infiltration of leukocytes at the injured site. In this phase,
the host experiences a period of acute inflammation, with the injured site swelled, warm
and painful. Persistent inflammatory stimuli lead to chronic inflammation. This stage is
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characterized by the presence of monocytes, macrophages, lymphocytes and plasma cells at
the implant site, and a proliferation of blood vessels and connective tissue to heal the affected
area. The macrophages will clean up the wound site, and attempt to digest the foreign material
by forming a cellular cluster called foreign body giant cell. When using biocompatible materials,
the chronic inflammation should typically last no longer than 2-3 weeks. In the final stage
of the FBR, the body attempts to quarantine the external object: monocytes, macrophages
and foreign body giant cells adhere at the implant interface and a fibrous tissue will form,
surrounding these white blood cells, and confining the implant from the host. Outside, a
highly vascularised granulation tissue is formed.

7.1.2 Biocompatibility: definition and test procedures

Biocompatibility has been defined as “the ability of a material to perform with an appropriate
host response in a specific application” [173]. An appropriate host reaction includes no local
tissue damage due to cytotoxicity, limited FBR and no short or long term adverse body effects.
Also, this definition points out that there doesn't exist an absolute status of biocompatibility.
The site and duration of the implant, as well as type of material-body contact are important
parameters, which makes biocompatibility a contextual concept. Even more, the same ma-
terial can induce an adverse or a favourable biological response according to its particular
employ [3].

Experiments to test biocompatibility are carried out both in vitro and in vivo, in order to test
the local and systemic effect of the material. The ISO 10993 standard!, issued and constantly
updated by the International Organization for Standardization (ISO), is a well-known standard
for evaluation of biocompatibility prior to clinical testing of a device. Various tests are essential
for each material/device before medical use. The three most basic evaluations are cytotoxicity,
sensitization, and irritation testing. The presence of toxic, leachable substances is investigated,
causing adverse effects on biosystems. Based upon the final goal of an implant (implant
duration, location in the body, and type of tissue contact) various additional categories of
tests have to be performed, such as genotoxicity, hemocompatibility, carcinogenicity tests,
etc. Obviously, a medical glove for short time contact with the skin will need much less testing
compared to a heart assisting device which will be implanted in the body for over 10 years.

7.1.3 Factors affecting implant biocompatibility and design solutions
A device which isn't properly designed will have a disturbed functionality during or after the

foreign body reaction, according to different factors:

¢ Grafting factors: depending on the implant surface morphology and properties, the
FBR might be mild or strongly pronounced, resulting in a smooth integration in the local

1150 10993 Biological compatibility of medical devices. Part 5. Tests for cytotoxicity: in vitro methods, december
1992
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tissue or in the presence of a thick fibrous encapsulation or even a chronic infection.

* Implant fabrication factors: proper implant design should prevent adverse effects such
as corrosion caused by biological fluids penetrating into the device, or release of toxic
implant material in the organism.

* Sensor bio-fouling factors: due to accumulation of biological material on the sensor
surface, the sensor performance might be impaired.

Grafting factors

The formation of a thick fibrous encapsulation during the FBR should be avoided in case the
implant is carrying biosensors, since in most of the cases this barrier will result in a wrong
or a delayed sensor read-out. Additionally, biofilm formation at the implant surface should
be prevented at all means. Biofilm formation is the accumulation of bacteria at the implant
surface, and is a cause of chronic infection. Due to the slimy substance used by the bacteria
to encapsulate, the removal of the bacterial colonies by antibiotics is almost impossible, and
explantation of the implant is often the only solution to overcome the infection.

Grafting solutions aim to improve cell adhesion, promote vascularization and reduce inflam-
matory stimuli. A first strategy consists in the use of engineered surfaces: morphology, porosity
and mechanical properties of the implant package can influence cell signaling, organization,
proliferation and migration [139]. In this respect, it has been demonstrated that porous coat-
ings of polyvinyl alcohol can promote higher vascular density, tissue in-growth and faster
response to analytes compared to smooth surfaces [145]. After this initial work, several groups
have started to employ nanostructured shells for implantable sensors, using material like
titanium [130] or silicon [48].

Other approaches to promote blood vessel formation and reduce fibrosis, are based on hy-
drogels [131, 132, 181], and coatings containing growth factors [169] or poly-L-lactic acid [93].
In order to reduce the inflammation and biofilm risk upon implantation, the use of drug-
releasing coatings can be also considered, such as hydrogel shells loaded with Dexamethasone,
a strong anti-inflammatory agent [57, 74].

Implant fabrication factors

Active implants might consist of microchips, a battery, and other components which are
partially made of non-biocompatible materials. Contact of biofluids with the electronics
should be avoided by all means, as they will corrode the device and might promote leaking of
toxic compounds into the body. This makes the presence of a bi-directional diffusion barrier
essential to preserve contamination of body and implant from the respective components.

Biocompatible materials are imperative for the fabrication of the diffusion barrier and for
the packaging of the total device [126, 45]. The most conventional device package consists
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of a Titanium box, equipped with feed-throughs for sensors, such as a pacemaker. Titanium
is biocompatible and the box is sufficiently thick to prevent all diffusion; however, package
size and the rigidity are not ideal with respect to the resulting FBR, and remote powering
transmission by inductive link is not feasible due to the shielding effect of the metal (although
electronics within thin Ti packages can be still remotely powered by ultrasounds [88],[111].

In order to reduce implant size, ceramic or polymer thin films can be used. They have the
advantage to be compatible with wafer-level processing and to conform to any shape. Thin
films can be divided in organic or inorganic. Organic compounds for packaging include
epoxies, silicones, polyimides, polyurethanes and parylene-C. Attention should be paid in
using these materials for long-term implants, since they are not totally immune from moisture
penetration. Parylene-C is very promising due to its excellent biocompatibility and step cover-
age, and its high moisture resistance [51], but has the limit of being heat-sensitive. The use
of high-temperature sterilization techniques is therefore not possible for devices containing
parylene-C. Polyimide is another attractive and flexible substrate for implantable electrodes
[124], but due to some remaining moisture permeability, additional measures should be taken
to protect the implant for moisture penetration in case of long term implantation.

Among inorganic films, silicon nitride is the most employed for moisture protection [73].
Metal films can be also used for hermetic packaging, when deposited onto another polymeric
film which provides electrical isolation. Iridium oxide, Titanium, Titanium nitride, Tantalum
and Tantalum nitride can be biocompatible if proper deposition conditions are respected [94].
Noble metals like platinum and gold present high resistance to corrosion and biocompati-
bility, and despite their cost, represent excellent candidates for the microfabrication and the
connection of the subcomponents of an implantable device. An example is the fabrication of
a Utah Electrode Array [158].

Biofouling factors

Biofouling is the accumulation of biological material on the device surface. In contrast to
biofilms, which consist of bacteria, this biologic material is not causing an infection. The
aggregation of cells, macromolecules and small molecules on the biosensor membrane has
been extensively reported as detrimental for the sensor function [96, 97, 119, 151]. Biofouling
often prevents diffusion of the analyte or adherence of the analyte on the sensor surface. Most
of the strategies to reduce biofouling rely on the use of dedicated membranes. An extensive
review about this topic can be found in [174]. Below we will briefly describe two techniques
for reducing biofouling: hydrogel overlays and nafion coatings.

Hydrogel overlays, present an hydrophilic interface which can favour diffusion of water-
soluble analytes. Diffusion rate is controlled by changing the crosslinking density of the gel.
A drawback of this approach is their poor adhesion to the substrate, and a poor mechani-
cal stability during the implantation procedure. Common materials for hydrogels are the
poly(hydroxymethil methacrylate) and the poly(ethylne glycol).
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Nafion is a commercial polymer that gained a lot of popularity as coating for glucose sensors.
It is characterized by chemical inertness and both hydrophobic and hydrophilic properties.
An additional reason of its extensive use, is its easy application by dip-coating.

7.1.4 Biocompatibility of carbon nanotubes

Despite their fundamental role in enhancing a biosensor performance, a real implementation
of carbon nanotubes in biomedical devices relies on the outcome of studies concerning their
toxicity. CNT toxicity may arise from their dual nature of nanoparticle and nanofiber: from one
side the large surface area / mass ratio of a CNT increases the probability of interaction with a
cell, and confers a great capacity of adsorption, transport and uptake of toxic substances in
the body, from the other side the carbon nanotube length may induce foreign body reactions,
since longer fibres (>17um) are difficult to phagocytise [152].

Up to date, information related to CNT safety are contradictory, and present results sustaining
both toxicity and inertness of these nanomaterials. Good reviews of experiments concerning
the safety of carbon nanotubes is given in [152, 77]. The picture emerging from literature is that
CNT toxicity is dependent on many factors including purity, aggregation status, dimensions,
coating or functionalization, cell type and bioassay technique.

In general, experiments confirmed that:

* Unrefined CNT, due to the presence of transition metal catalysts and other impurities
derived by their synthesis, are cytotoxic.

e Pristine CNT cause minimal in vitro and in vivo toxicity, but only when they accumulate
in cells at high concentrations.

* The aggregation of CNTs in fibers is critical in determining their toxicity. Efficient disper-
sions techniques, such as covalent binding or electrostatic adsorption of peptides, acids,
amines and polymers, seems to prevent their aggregation and didn’t show significant
toxicity effects.

e CNT immobilized to a substrate or embedded in a nanocomposite are not toxic, al-
though the degradation of the matrix can produce particless that cause dose-dependent
adverse effects on cells.

According to these findings, in the perspective of an implantable biosensor, the use of short,
functionalized CNTs immobilized in a nanocomposite may represent a safe implementation.
However, it is important to say that up to date, due to the novelty of this material, there are no
exhaustive studies concerning the long-term effects of carbon nanotubes in living organisms
or the impact of these substances on the environment.
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7.2 System packaging and biocompatibility: results

As pointed previously, the development of an appropriate packaging is essential for promoting
smooth wound healing, minimizing the extent of the foreign body reaction and granting pro-
longed sensor functionality. This section presents data on assembly, packaging and short term
in-vitro and in-vivo biocompatibility evaluation of the implantable sensor platform. Platform
assembly, packaging and in-vitro biocompatibility tests have been done in collaboration with
Imec, Belgium; in-vivo biocompatibility tests are the result of a collaboration with the Istituto
di Ricerca in Biomedicina of Bellinzona, Switzerland. The device was realized integrating
3 building blocks: the multi-electrode platform described in the previous chapters and in
[35], an inductive coil [125], and an integrated circuit [61]. To promote biostability and bio-
compatibility, a double protection for electrodes and electronic components was employed:
enzymes and CNTs were entrapped in a chitosan (CHT) matrix and then sealed behind a
porous polycarbonate membrane.

If biocompatibility, antibacterial properties and affinity to proteins make chitosan a good
matrix for enzymes immobilization [95], the inclusion of MWCNT enhances the biosensor
electrical properties [35] and improves chitosan’s elastic and tensile strength by conferring
more resistance [146, 167]. On the other hand, polycarbonate membranes are commonly
employed as microdialysis filters in commercial biosensors [163] and can be used to prevent
that the particles orginated by the degrading of the CHT/CNT nanocomposite diffuse in the
body. Corrosion of electronic components and leaking of potentially hazardous substances in
the body was prevented with a conformal coating of Parylene C, an inert and biocompatible
polymer with widespread industrial use. An outer package of medical grade silicone was then
employed to create a soft shell suitable for implantation. A schematics cross-section of the
prototype is shown in Figure 7.1.

The efficacy of the parylene C barrier, as well as the toxicity of carbon nanotubes, have been
assessed with a 7-day in-vitro cytotoxicity elution test conform to the ISO-10993-1 standards.
The integrity of the CHT/CNT matrix and the efficacy of the polycarbonate membrane in
preventing CNT leaking were tested exposing the materials to solutions of different nature
and pH at 37°C for one week. The final packaged device was then implanted in mice for 7 and
30 days to evaluate the inflammatory response.
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Figure 7.1: A schematics cross-section of the implantable device.

7.2.1 Matrix corrosion test
Methods

CHT/CNT dispersion was prepared according to [37]. Drops of 10! were cast onto a 12 well
plate and dried under laminar flow. Half of the samples were protected with a polycarbonate
membrane (Cyclopore track etched membrane, cut off 100nm, Whatman) and sealed with
fast curing medical grade silicone (Med2-4220, Nusil). All samples were covered with 1ml
solutions of milliQ water, PBS 1x pH 4, or Mouse Embryonic Fibroblasts (MEF) growth media,
and put in a cell incubator at 37°C 5% CO, for 7 days. The 8" day the solutions were removed
and the samples rinsed twice with DI water before being dried in air under laminar flow. The
CHT/CNT matrix integrity and the dispersion of CNT aggregates on the well plate surface were
then inspected with an optical microscope.

Results

To assess if the CHT/CNT matrix represent a good strategy for enzyme immobilization in
implantable sensors, we tested its resistance to corrosion in different solutions: PBS 1x pH
4, distilled water and MEF medium. Figure 7.2 shows the results obtained after 7 days of
incubation at 37°C (5% CO;). Data shows that at acidic pH the matrix is dissolved. CHT/CNT
aggregates are spread on the well surface and tend to accumulate at the well edge. Immersion
in distilled water showed discrete matrix corrosion: while the bulk structure was maintained,
particles are evident on the well surface and close to the edge. The cell culture medium
resulted to be the least aggressive: few particles are visible on the surface and we didn’t find
significant deposit amounts at the well edge. The impurities visible on the sample are due to
the medium components, as shown in the control. The extent of matrix corrosion is due to
the different pH of solutions: chitosan has a pKa of =6.5. When the solution pH is lower than
chitosan’s pKa, the ammino-groups of chitosan are protonated and the compound becomes
water soluble. Differences in corrosion between water and MEF medium are attributed to the
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buffer properties of the latter: cell substrates are optimized to maintain a physiological pH
during the incubation.

In a second experiment we evaluated if the presence of a polycarbonate membrane is sufficient
to prevent significant CNT leaking in the body. Figure 7.3 shows the results obtained in PBS
1x pH 4. After 7 days of incubation, the matrix drop is still evident, but a darker area in its
proximity denotes the presence of severe corrosion (A). Optical microscope images of the
silicone seal edge (B) and of the well edge (C) clearly show that CNTs and chitosan in solution
are able to leak from the membrane. Despite the fact that drop cast multi-walled carbon
nanotubes form a highly entangled structure and their length exceed 10 to 20 times the pore
size of the polycarbonate membrane (100 nm), their diameter is 10 times smaller. We conclude
that diffusion can be retarded but not prevented with a membrane cut off bigger than the
CNT diameter. Alternative solutions to contain the CNT leaking can rely on the direct growing
of CNTs on the electrode substrate [155] or on the crosslinking of the matrix to improve
the resistance to corrosion. In this respect, crosslinking with genipin, already employed in
tissue engineering [39, 115], represents a biocompatible alternative to the most common
glutaraldehyde.

PBS 1x pH 4 DI water MEF medium
DA R

Matrix

drop %ﬁ w .

well|
plastic

We" i s 2 _‘; o
edge [

Control

(no matrix)

Figure 7.2: Corrosion test of the chitosan/CNT matrix. Optical microscope images in different parts of
the well. The black spots represent chunks of CHT/CNT attached to the surface.
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Figure 7.3: Evaluation of chitosan/CNT matrix leaking from a polycarbonate membrane. A) picture of
the well showing the matrix drop and the membrane. B) edge of silicone seal; C) well edge; D) edge of
the silicone seal on the sample without the matrix.

7.2.2 Invitro cytotoxicity test
Methods

Cytotoxicity was assessed with elution tests according to the ISO 10993-1 guidelines. Each ex-
periment was conducted in triplicate and included a positive control to assure reproducibility
and reliability of results. The elution test steps include preparation of contaminated media,
cell culture, assessment of viability, and toxicity evaluation by Calcein staining.

* Preparation of contaminated medium: The growth medium was obtained adding to
a Dulbecco Modified Eagle Medium, Fetal Calf Serum (10% v/v); L-glutamine 200mM
(1% v/v); Glutamax (2% v/v); non-essential aminoacids (1% v/v), Penicillin/Streptavidin
(1% v/v). All the reagents were purchased from Gibco. Test materials were placed in cell
culture dishes, sterilized with ethanol 70% and dried under laminar flow. MEF medium
was added according to the ratio 1m1/6cm?of material. The samples were put in a cell
incubator at 37°C, 5% CO; for 7 days. A negative control of MEF medium was also
included to account for the aging of nutrients in solution. The contaminated medium
and the control were then collected, stored at 4°C and used within 3 days.

¢ Cell culture: Mouse Embryonic Fibroblasts (MEF) were extracted in Imec, Belgium,
seeded in 12-well plates at the concentration of 1.2x104cells/ml and grown for 3 days.
The 3" day, the growth medium was collected and replaced with the contaminated
terrain and the control. Cells were grown for 4 additional days before being inspected
for viability and toxicity.

» Assessment of Viability: The specimens were rejected when the viability of healthy
control cells resulted less than 75% [45]. Control wells were incubated 30’ with 1ug/m!
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of DAPI and PI fluorescent dyes (Invitrogen) to highlight respectively total cell nu-
clei and dead cells. For each well, three DAPI and PI counts in different spots were

performed. Cell viability was then calculated according to the equation viability =

viable cells
total cells

and total cells is total number of DAPI counts.

100%, where viable cells is the total number of DAPI counts minus PI counts

¢ Toxicity evaluation: Cells were incubated 30’ with 1ug/m! of Calcein AM (Invitrogen).
The fluorescence in each sample was immediately measured with a commercial scanner
(Tecan infinite M 1000, excitation A 485nm, emission 525nm). Total fluorescence count
for each well was obtained averaging 225 readings evenly distributed in a 15x15 round
shape along the well area. Since Calcein AM stains only living cells, cytotoxicity was
evaluated comparing the fluorescence intensity of the contaminated samples with the
control. Intensity decrease of more than 20% from the control was considered cytotoxic.
Additionally, cells were inspected for morphologic abnormalities at the fluorescence
microscope. Samples presenting a majority of abnormal cells respect to the control
were considered cytotoxic.

Results

The building blocks of the implantable sensor are partially made from non-biocompatible or
potentially toxic materials. For example, the receiving coil presents a copper metallization,
notably cytotoxic [100], while materials of the integrated circuit and of the auxiliary electric
components, realized by external companies, are not totally disclosed, and have to be con-
sidered as potentially harmful. A conformal coating of 3um parylene C was employed to
prevent corrosion of the electrical parts and toxic metals leaking in the host. Parylene efficacy
was evaluated by elution tests on the receiving coil substrate. When immersed in a fluid, the
copper contained in the coil diffuses in the solution, producing severe cytotoxicity even at
very small concentrations.

Figure 7.4A presents the average fluorescence of Calcein-AM stained cells. After 4 days of
incubation with the contaminated medium, cells grown in presence of the terrain eluted
with the unprotected coil yielded severe cytoxicity, as demonstrated by very low fluorescence;
on the other hand, the parylene C coating proved effective in preventing severe cytotoxicity,
as the fluorescence intensity resulted the 88% of control. It is worth mentioning that while
variations up to 20% from the control are not considered cytotoxic by the USP guidelines, such
variability could be unacceptable in long term implants [45]. In this respect, the protection of
the parylene C may be enhanced improving its substrate adhesion and its thickness.

In a second experiment we evaluated the cytotoxicity of the CHT/CNT matrix (Figure 7.4B).
After 7 days of elution and four days of incubation with healthy cells, no significant differences
with the control cells have been observed, proving that in the considered period the CNT
leaking is not cytotoxic. A possible explanation is that CNT toxicity depends on many factors
like length, functionalization or aggregation, the tight wrapping of chitosan to the nanotubes,
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Figure 7.4: Evaluation of materials cytotoxicity by calcein staining — average fluorescence values. A)
effectiveness of the parylene C coating on the inductive coil B) evaluation of chitosan/CNT cytotoxicity.
Error bars, standard deviation (10).

which is also responsible for their dispersion in aqueous solutions, can shield the nanoparticle
and its reactive groups, reducing the inherent toxicity and preventing their aggregation.

As additional cytotoxicity control we performed a morphological analysis of cells. Figure 7.5
shows that cells from the protected coil (B) and from the CHT/CNT matrix (C) are similar
in shape and distribution to the control (A). No living cells were found on the sample with
fluid eluted from the unprotected coil (D, bright field image). The giant cells shown in the
pictures are due to the initial cell density, which after 7 days resulted too low to give a confluent
coverage and the typical tight and elongated shape of fibroblasts.

Figure 7.5: Morphology of MEF grown in different contaminated media. Optical microscope images. A)
control; B) receiving coil and parylene C coating; C) CHT/CNT matrix; D) unprotected coil, bright field
image.

7.2.3 Assembly and packaging of the implantable device

The sensor building blocks were glued together using a USP class VI biocompatible glue (Loc-
tite 3211). Components interconnection was realized with Al wire bonding and protected with
glob top. To further improve parylene C adhesion and moisture penetration, the assembled
platform was treated with the silane A-174 (Merk) according to the procedure described in [71],
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and coated by chemical vapor deposition of 16um of parylene C (Speciality Coating Systems).

The outer silicon shell was realized by placing the implant into a plexiglass mold realized by
micromachining, and injecting biocompatible medical-grade silicone (Med 6033, Nusil). To
increase the host comfort, the outer shell was made 1mm thick and with rounded corners. In
a design variant, two “wings”of 3x3mm placed along the main body have been included to
prevent the sensor to capsize after implantation, since misalignment between the receving
coil and the external wearable device can compromise the remote powering of the sensor
array. 0.1ul of CHT/CNT suspension was then manually drop cast on the electrodes and dried
in air. A polycarbonate membrane was placed above the electrodes and sealed to the external
shell using fast curing medical grade silicone. Without considering the external wings, the
packaged device measures 20 x 4.2 x 3mm. The assembly schematics and the final result is
shown in Figure 7.6.

CMOS IC for RF and detection

o
/ Temperature Sensor

_pH Sensor

2.2mm
~

S AT‘Z Molecular

Sensors
/&
16‘

“inductive coil

Figure 7.6: Assembly and packaging of the device.

7.2.4 Invivobiocompatibility

Methods

Microchips were cleaned and disinfected with Gigasept instru AF (Schuelke), placed in cell
culture dishes, sterilized with ethanol 70% and dried under laminar flow. An Air Pouch (AP)
was created by subcutaneous injection of sterile air in the back of male C57BL/6 mice at day 1
(5mL) and 3 (3mL); this procedure creates a cavity of 1.5cm diameter and 0.5cm height. At
day 6, mice were anesthetized with isoflurane 4%, shaved and locally sterilized with Betadine
Solution; microchips were implanted and the cavity sutured with Vicryl 6.0 (Provet AG). As
a control of local inflammation bacterial lipopolysaccharide (LPS) (50ug/mouse) (LabForce
AG) was injected daily into the cavity for 4 days or 2 weeks for short term and long term
biocompatibility, respectively. As negative control we generated air pouches in the absence of
any surgical procedure. After 7 or 30 days, microchips were removed. The cavity was rinsed
with 0.5mL of PBS (Gibco) and the liquid collected and centrifuged at 7000rpm for 10 min
at 4°C. We then determined the concentration of ATP in the supernatant with ATP detection
kit (ATP Determination Kit, Invitrogen). For polymorphonuclear neutrophils detection, the
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pellet was resuspended in 0. mL RPMI 10% fetal bovine serum (FBS) (Gibco) and analyzed at
flow cytometer (FACS Canto, Becton Dickinson) with antibodies specific for CD11b and Gr1,
respectively labeled with allophycocyanin (APC) and fluorescein isothiocyanate (FITC) (both
from BioLegend).

Results

Potential sources of inflammation in implantable devices can be attributed to the implant
materials, shape and size [7]. In order to investigate which elements are critical in eliciting an
inflammatory response, we fabricated devices of different nature and shape to subcutaneously
implant in mice. To account for inter-individual variability, each model was tested in eight
different animals. Half of the mice carried the implant for 7 days, the other half for 30 days. At
the end of the period, the implant site was washed with PBS, and levels of ATP and neutrophils
in the elution liquid were compared to follow the local inflammatory response. While ATP
release is a consequence of cellular necrosis and it is therefore a measure of the local cell
death, neutrophils are recruited to the inflammation site by chemical signaling. Variations
in neutrophil percentage at the implant site are therefore informative of the status of tissue
inflammation [137].

Figure 7.7 presents neutrophils and ATP variation in the liquid collected from the implant site
after 7 and 30 days. Sensors packaged with a soft shell presenting or not presenting external
wings (W), were compared with dummy package replicas entirely made in biocompatible
silicone. Bacterial lipopolysaccharide (LPS) was administered to a separate group of mice
in order to induce an inflammatory response not dependent by an artificial implant, while
mice with air pouch only served as negative control. After 7 days, we measured high levels
of ATP and neutrophils, but after 30 days both values seem to decrease, suggesting that the
organism became tolerant to the implants. Data from neutrophils suggests that the insert
complexity (presence of wings and/or sensors) tends to increase the short-term and long-
term inflammatory response. Considering average values, after 30 days, residual neutrophils
in mice treated with winged inserts were 2-3 folds higher than their counterparts, while
the presence of the sensor platform induced slightly higher inflammatory responses. ATP
measurements in mice bearing the implant were affected by large statistical variability. A
possible explanation is that upon removal we found that several implants were displaced
from their original location. This may have led to internal tissue damage due to mechanical
friction and therefore insurgence of cellular damage and ATP release in some individuals [23].
Unfortunately, this large variation in the ATP measurements makes difficult to establish a clear
relationship between implant complexity and extent of local cell death.
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Figure 7.7: In vivo biocompatibility results after 7 and 30 days. Top: percent of neutrophils infiltration
in the implant cavity; bottom ATP concentration. Error bars, standard deviation (10).

Values from LPS injection further suggest how after 30 days the host seems to accept the insert.
Although LPS-induced ATP and neutrophils were detected in lower amounts compared to the
values obtained from implants, ATP concentration in animals treated with LPS almost doubled
after 30 days. The pyrogenic effect of LPS is also evident with respect to the neutrophils
infiltration: in one month, LPS-treated mice presented the highest percentage of neutrophils
and the slightest time-dependent reduction among the animals considered. Percentage
variations of neutrophils and ATP are summarized in Table 7.1.

Table 7.1: Percent variation of neutrophils and ATP after 30 days.

Percent variation of neutrophilis and ATP after 30 days

Air pouch Silicone dummy Silicone dummy (W) Packaged sensor Packaged sensor (w) LPS
Neutrophilis -92.4 -93.3 -77.6 -72.2 -55.1 -43.6
ATP -49.8 -86.3 -65.3 -6.3 -56.9 +94.6

From the neutrophils measurements it appears that the package shape has a role in deter-
mining the inflammatory response, as the presence of wings tends to increase the immune
reaction. Although the introduction of stitching wings may be necessary to hold the insert
in place and correctly aligned with the external powering coil, their presence can exert an
uncomfortable localized pressure on some parts of the tissue, and angles where tissue stress
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might promote localized immune responses [113]. The presence of the electronic platform
further increased the inflammation response.

However, it is important to say that more than strong conclusions, these are trends suggested
by the average values obtained. In vivo experiments tend to have large variability, and due to
the reduced number of animals used, the overlap of error bars indicates that results are not
statistically different. A larger number of experiments, and additional investigation techniques
are advised for a more precise evaluation of the in vivo biocompatibility.

The removal of copper components from the sensor electronics, together with thicker parylene
coatings may further reduce the inflammation caused by the biosensor platform. Employing
bigger animals may also help decreasing the inflammation, since the size of our device is
too big for a mouse. Implant size can also be further reduced: in this respect, the bulkiest
component of our platform is the inductive coil, which with a thickness of 2mm, contributes
to almost 4/5 of the total platform volume. Our group is currently developing a single layer
coil on silicon, which will reduce the platform thickness to 1 — 1.5mm.

7.3 Chapter summary

This chapter presented data on assembly, packaging, in vitro and in vivo biocompatibility
evaluation of the implantable platform described in this thesis.

Biocompatibility is a concept of primary importance, which should be considered starting
from the implant design, and including all aspects of its fabrication, until the follow up of the
implantation. A device can be considered fully biocompatible not only if it safe for the host,
but also if it is capable to preserve its functionality in time. In this respect, the development of
an appropriate packaging is essential for promoting smooth wound healing, minimizing the
extent of the foreign body reaction and granting prolonged sensor functionality.

In vitro experiments on primary fibroblasts proved that coatings of 3uM of parylene C are
effective in preventing copper leaking and cytoxicity for at least seven days; similar test on a
chitosan/ MWCNT matrix showed that release of chitosan/MWCNT complexes in the growth
terrain are not cytotoxic in the short term. This last result is in agreement with recent studies
demonstrating that the employ of short, functionalized CNT immobilized in a nanocomposite
may be implemented with a certain degree of safety. Although, in last analysis, the fate of
nanotubes in implantable devices is still largely dependent by studies concerning their long-
term toxicity. In vivo tests of the packaged sensor array demonstrated that the foreign body
reaction significantly decreased after 30 days, suggesting normal recovery of the host. Package
shape is suspected to have a role in inducing the inflammatory response, suggesting that
future implants must possess smoother geometries.
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Conclusions and future developments

The objective of this thesis was the development of a fully implantable biosensor for personal-
ized therapy applications. The thesis presented 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 presence of carbon nanotubes provided
increased sensitivity and detection limit, enabling the detection of several drugs in their
therapeutic range in undiluted human serum.

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 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.

The results achieved are promising, even if the ambition of realizing a fully operational im-
plantable device in human subjects requires additional research.

For example, stability of enzymes for at least several months must be a priority in a long-term
fully implantable device: experiments are needed to understand for how long biosensors
retain their activity when they immobilized to a substrate or when are in prolonged contact
with a biological fluid. In this respect, a simple drop cast of protein and nanostructures may
be not sufficient, and strategies to promote enzymes immobilization and protection, such as
entrapment in a matrix or confinement behind a protective membrane should be investigated
and optimized. The entrapment in chitosan of enzymes and CNT represents a good starting
point for additional research. Additionally, to compensate the inevitable loss and denaturation
of proteins in time, the implementation of an “enzyme reservoir” in the implantable sensor
should be considered [64].
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Optimization of the drug detection with cytochromes P450 requires more basic research re-
garding this protein electrochemistry: for example, it is known that prolonged electrochemical
activation of P450 and poor enzyme immobilization can transform the P450 proteins in P420,
an inactive form of the enzyme that is still capable to generate an electrochemical signal [127];
while recent work demonstrated that coupling efficiency of the P450 is very low, and that the
electron transfer between electrode and cytochrome is preferentially accomplished via the
P450 reductase as intermediary protein [49]. As additional complication, even in absence of a
specific substrate, the P450 active site can shunt and produce electro-reactive specimens that
can generate misleading signals [49]. The development of engineered CYP enzymes may solve
these issues and help to produce more stable sensors.

Additional research is also necessary in case of multiple drug detection with the same P450
isoform. Even if the experiments presented here provided the proof-of-principle of the method,
to fully demonstrate the atypical P450 kinetics in electrochemical systems, it will be important
to design experiments with compounds whose interaction and kinetics is well documented in
literature, regardless their effective employ in medical treatments.

P450 biosensors need to be realized and tested on the electrodes of the microfabricated plat-
form. In this respect we found that commercial microsomes are not sufficiently concentrated
to produce visible signals on the microelectrodes. To overcome this problem, many biosensor
research gropus produce their own cytochromes. So far, for time and cost reasons we avoided
this strategy.

Biosensor detection limits must be pushed even further: the sensors described in this thesis
are capable to detect micromolar concentrations of analytes, which are acceptable to detect
many of the drugs considered in this thesis in their therapeutic range. However, many pre-
scriptions possess a therapeutic window in the nanomolar range. The situation is similar for
the ATP detection: the detection limit achieved in this thesis restricts the application of the
biosensor to specific cases, and the follow up of chronic inflammation with ATP monitoring
requires nanomolar detection limits. The implementation of more sensitive electrochemi-
cal techniques, such as square wave or differential pulse voltammetry can be considered to
reduce the capacitive bacground and highlight the faradic contributions. However, this will
also require the design of more complex integrated circuits to implement in the implantable
sensor platform, and the control of a bigger number of parameters.

The final implantable device has been so far realized, assembled and tested for short-term
biocompatibility, and even if the receiving coil and the sensing circuit have been individually
characterized, fully automatic in vitro and in vivo measurements of the system remain to be
tested.

With respect to the biostability of the implant, the long term endurance of the device must be
tested with corrosion tests aimed to check if the electrical connections can endure long term
implantation, while long lasting protective membranes must be developed and implemented
in order to prevent the electrodes biofouling. Additionally, the package must promote an

110



adequate vascularization around the implant, as the formation of fibrotic tissue can block the
diffusion of the analytes and definitively compromise the biosensors functionality. Additional
research has still to be done to ensure long term biocompatibility: for example, implant
dimensions can be further reduced, in order to increase the host tolerance, and histopathologic
analyis should be implemented in the next future to evaluate the implant fibrosis of the new
prototypes. Also, according to the ISO10993 standars, many additional experiments such as
multiple cytotoxicity tests, as well as different hemocompatibility, irritation, sensitization and
systemic toxicity analysis are requested before the final device is declared safe for implantation.
The development of a proper packaging and its complete biocompatibility assessment is a
complex matter that alone requires years of dedicated research.

As this thesis demonstrated, a mature diagnostic device is an integrated system which requires
multidisciplinary work and competences, and where each choice in the development of a
single aspect should be done considering the impact it has on the whole. However, despite the
additional work there is still to do, the realization of a fully operational prototype may be not
so far!.

Thttp:/ /'www.youtube.com/watch?v=DBa41wej-NE
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.\ List of abbreviations

* ADO - Adenosine

e AIROF - Anodic iridium oxide film

e ALD - Atomic layer deposition

e ATP - Adenosine triphosphate

* BARE - Bare electrode

* BZ - Benzphetamine

* CE - Counter electrode

e CHT - Chitosan

* CMOS - Complementary metal oxide semiconductor
* CNT - Carbon nanotubes

* CP - Cyclophosphamide

* CPR - Cytochrome P450 reductase

* CV - Cyclic voltammetry

e CYP - Cytochrome P450

* DAMP - Damage associated molecularn pattern
* DNA - Deoxyribonucleic Acid

* DMEM - Dulbecco modified Eagle medium

* DX - Dextromethorphan

* EM - Erythromycin
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Appendix A. List of abbreviations

¢ ET - Electron transfer

* FBR - Foreign body reaction

¢ FLU - Flurbiprofen

* GOD - Glucose oxidase

e HEX - Hexokinase

¢ IBU - Ibuprofen

¢ IC - Integrated circuit

* LOD - Limit of detection

* LOEL - Lowest observable effect level

* LOR - Lift off resist

e LPS - Lipopolysaccaride

* ME - Micro electrode

e MEA - Micro electrode array

e MEC - Minimum effective concentration
e MEF - Mouse embryonic fibroblasts

* mRNA - Messenger RNA

¢ MTC - Minimum toxic concentration

¢ MWCNT - Multi walled carbon nanotubes
¢ NADPH - Nicotinamide adenine dinucleotide phosphate
¢ NAP - Naproxen

¢ NMR - Nuclear magnetic resonance

* NOEL - No observable effect level

¢ OTC - Over the counter

¢ P450 - Cytochrome P450

* PAMP - Pathogen associated molecularn pattern
¢ PBS - Phosphate buffered saline solution

¢ PFV - Protein film voltammetry
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PK - Pharmacokinetics

RE - Reference electrode

RNA - Ribonucleic Acid

RTD - Resistive thermal device

SAM - Self assembled monolayer

SWCNT - Single walled carbon nanotubes
TDM - Therapeutic drug monitoring

WE - Working electrode
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