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I. Introducere

In ultimii ani au fost inregistrate numeroase progrese in domeniul tehnologiilor
si tehnicilor de imprimare, avand ca scop designul de noi senzori electrochimici.
Combinatia dintre electrochimie si metodologia de imprimare, Impreunda cu
descoperirile in domeniul senzorilor miniaturizati, a permis introducerea unor
instrumente analitice puternice pentru monitorizarea eficientd, atit a biomarkerilor
caracteristici diferitelor afectiuni, cat si a pericolelor din mediul inconjurator [1].

Printre tipurile de dispozitive electronice imprimate, senzorii electrochimici
imprimati au o importanta deosebita datorita aplicatiilor pe scard larga In domeniul
sanatatii, alimentatiei, agriculturii si securitatii. Acestea au deschis noi cdi pentru
realizarea unor dispozitive electronice biocompatibile, adaptabile pe corpul uman, care
doar cu cativa ani Tn urma erau dificil de imaginat si de realizat. O mare parte a
progresului sistemelor electrochimice portabile imprimate se bazeaza atat pe inovatii in
ingineria materialelor, cat si pe combinatii de cerneluri conductive cu polimeri sau
diversi compoziti. Datoritd acestui progres, noile generatii de senzori electrochimici
imprimati includ sisteme electronice flexibile, adaptabile anatomiei umane. Progresul
senzorilor electrochimici portabili se bazeazd pe creativitatea cercetdtorilor care au
combinat tehnicile de imprimare serigrafica cu platforme neconventionale, cum ar fi:
manusi, bandaje medicale, gutiere si proteze sau materiale textile. Aceasta etapa
tehnologica inovatoare a permis o mai buna integrare a senzorilor electrochimici, prin
cresterea nivelului de acceptare al acestor dispozitive in stilul de viata al oamenilor [2].

Capitolul vizand stadiul actual al cercetarii in domeniu prezinta evolutia
senzorilor electrochimici comuni spre dezvoltarea dispozitivelor ingerabile. in plus,
aceasta sectiune prezinta cerintele necesare pentru dezvoltarea senzorilor
electrochimici portabili. Luand in considerare aceste aspecte, sectiunea ,Contributii
personale’ se concentreaza exclusiv pe prezentarea detaliatd a performantelor noilor
senzori electrochimici imprimati. Principalele contributii personale prezentate in cadrul
aceastei teze de doctorat au fost realizate In timpul unui stagiu de cercetare la
Universitatea din California, San Diego (SUA), in Centrul de Senzori Portabili, sub
supravegherea profesorului Joseph Wang si in cadrul laboratorului de Chimie Analtica si
Analiza Instrumentala din Cluj-Napoca, Romania, sub indrumarea profesorului Robert
Sandulescu. Cu dorinta de a folosi tehnologii inovatoare si de a oferi solutii practice in
domeniul medical si de mediu, teza contine patru capitole principale.
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II. Contributii personale

Capitolul V. Senzor electrochimic integrat pe gutiera pentru detectia N-
(carboximetil) lizinei in saliva

Schimbarea compozitiei salivare este asociata cu starea de boala, stadiul
acesteia sau cu ambele. In special, detectia analitilor de glicozilare avansati (AGE),
despre care se stie cd sunt asociati complicatiilor diabetice si cardiovasculare,
prezinta un mare interes [3]. N-carboximetil-lizina (CML) face parte din grupul de
analiti AGE, iar nivelul ridicat al acesteia a fost corelat cu aparitia stresului oxidativ, cu
procesele de denaturare proteicd, cu sinteza placilor aterosclerotice si cu diabetul [4].
In ciuda faptului cd CML este determinat in probele de salivd prin metode analitice
obisnuite, In acest studiu este raportat pentru prima data un senzor electrochimic
montat pe o gutiera pentru screening-ul sau rapid din acest tip de probe.

Dispozitivul electrochimic de unica folosintd, reprezentat de un senzor de tip
,cavitas’ pentru screening-ul CML 1n saliva umana, a fost dezvoltat prin utilizarea unui
protocol bine stabilit de imprimare pe o platforma flexibila (Fig. 1). Dupa imprimare,
senzorul a fost montat pe o gutiera personalizatd. Avantajele platformelor de tip
gutiera se bazeaza pe faptul ca acestea vin constant si continuu in contact cu saliva,
care este un mediu biologic complex si care poate fi explorat pentru detectia diversilor
biomarkeri. Mai mult decat atat, gutiera poate fi usor integrata in viata de zi cu zi a
unui pacient, fiind un substrat ideal pentru senzorii portabili. Dispozitivul
electrochimic a fost atasat ulterior pe o mandibula ,fantoma’, imitdnd cavitatea orala
umand. CML a fost detectat electrochimic utilizdnd voltametria puls diferentiald, iar
senzorul a prezentat o buna corelare intre nivelul de CML si intensitatea curentului
inregistrat. De asemenea, senzorul a fost testat In prezenta unor concentratii relevante
de interferenti salivari, cu rezultate satisfacatoare. Performanta analitica a senzorului,
impreund cu posibilitatea investigatiei rapide a salivei, oferd numeroase beneficii
pentru dispozitivele de tip point-of-care (POC) utilizate in aplicatiile clinice si
biomedicale.

Salivary monitoring of
Né(Carboxymethyl)lysine

Fig. 1 llustratie a senzoului integrat pe gurierd pentru screening-ul N-(carboximetil) lizinei[5]
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Capitolul VI. Senzor electrochimic integrat pe bandaj medical si de tip micro-ac
pentru screening-ul tirozinazei. Potential in investigarea melanomului

Dezvoltarea si performantele analitice ale unui senzor imprimat pe bandaj
medical pentru detectia tirozinazei (TYR) sunt descrise in acest capitol. TYR este o
polifenoloxidaza prezenta In melanocitele epidermale si epiteliile pigmentate, fiind
implicata in sinteza melaninei. Supraexpresia si acumularea in celulele pielii pot duce
la formarea de pete inchise la culoare, identificate ca melanom cutanat care reprezinta
una dintre cele mai letale forme ale cancerului de piele [6].

Senzorul imprimat pe bandaj (Fig. 2) Incorporeaza un gel hidrofil compatibil
cu pielea, continand catecol. In prezenta moleculei tinta, TYR, catecolul imobilizat pe
suprafata senzorului este oxidat la benzochinona (BQ). Ulterior, bandajul inteligent
este capabil sa reduca amperometric produsul enzimatic generat, BQ. Noul dispozitiv
imprimat pe bandaj poate fi atasat pe piele, fiind integrat cu un potentiostat
miniturizat si flexibil care efectueaza transmisia wireless de date la un smartphone.

Pe langa senzorul imprimat pe bandaj, a fost utilizata o platforma de tip micro-
ac pentru detectia minim invaziva a TYR in tesuturile transdermice. Rolul senzorului
micro-ac este strapungerea fizicd a stratului superior al pielii, facilitdnd accesul la
zonele mai profunde ale acestui tesut. In ansamblu, acesti senzori (cel imprimat pe
bandaj si micro-acul) prezintd un potential semnificativ de detectie a TYR pe suprafata
pielii, dar si sub piele, pentru monitorizarea rapida a melanomului.

Fig. 2. llustratie a senzorului electrochimic imprimat pe bandaj pentru depistarea melanomului [7]

Capitolul VII. Senzor electrochimic integrat pe manusa pentru monitorizarea
factorilor de virulenta asociati cu Pseudomonas aeruginosa

Pseudomonas aeruginosa este o bacterie gram-negativa implicata in infectiile
nosocomiale asociate mediului spitalicesc, fiind in corelatie strdnsda cu cresterea
ratelor de morbiditate si mortalitate [8]. Deoarece este un germen patogen si mai ales
rezistent la antibioterapie, in conditii deficitare de fier, P. aeruginosa este capabil sa
excrete In vecindtatea sa compusi cu greutate moleculara mica, numiti factori de
virulenta. Doi dintre principalii factori de virulenta ai P. aeruginosa sunt pioverdina
(PyoV) si piocianina (PyoC) [8]. P. aeruginosa Impreuna cu factorii de virulenta sunt
raspanditi in medii si locuri umede, cum ar fi ventilatoare, chiuvete, mobilier, tuburi
endotraheale sau echipamente medicale. In plus, expunerea la acesti agenti
microbieni in mediul spitalicesc poate crea conditii pentru transmiterea patogenului,
crescand dramatic costurile terapiei [8].
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In acest capitol sunt descrise designul si functionarea senzorilor electrochimici
imprimati pe manusi medicale (Fig. 3) utilizati In screening-ul factorilor de virulenta
mentionati. Madnusa medicald cuprinde doi senzori electrochimici imprimati
longitudinal, unul pe degetul aratator si celalalt pe degetul mijlociu. Ambii senzori
electrochimici au fost imprimati cu cerneald de argint (pentru electrodul de referinta)
si cerneala de carbon (pentru electrozii de lucru, respectiv contraelectrozi). Manusa
cu senzorii electrochimici poate fi utilizata pentru screening-ul rapid al PyoC si PyoV
pe diferite suprafete contaminate. Dupa imprimare, pe suprafata electrozilor a fost
imobilizat un gel conductiv semisolid. Gelul a avut rolul de a facilita colectarea
analitilor de interes de pe suprafetele contaminate. Metoda de ,atingere si detectie’ se
bazeaza pe masuratori voltametrice si ofera un raspuns fiabil si robust in aproximativ
4 minute. Costul scazut, posibilitatea reutilizarii, rapiditatea si simplitatea fabricarii
manusilor imprimate serigrafic sunt caracteristici importante pentru screening-ul
descentralizat al riscului contaminarii bacteriene.

Fig. 3. llustratie a senzorilor imprimati pe manusa pentru detectia Pseudomonas aeruginosa [9]

Capitolul VIII. Degete robotice pentru detectia analitilor gustativi

Deoarece simtul gustului este esential pentru fiintele umane, exista
numeroase cerinte pentru detectia aromelor culinare prin intermediul instrumentelor
robotizate asocitate cu industria alimentara si farmaceutica [10].

In acest capitol este prezentat conceptul de degete robotizate pentru detectia
a trei gusturi majore, precum cel dulce, acru si cel picant in diverse produse alimentare
si bauturi . Pentru a face fata acestei provocari, trei electrozi electrochimici au fost
imprimati pe o manusa flexibila care a fost atasata ulterior pe o mana robotica (Fig 4).
Degetul aratator imprimat cu cernela de carbon detecteaza gustul acru, prin screening-
ul acidului ascorbic. Biosenzorul enzimatic modificat cu Albastru de Prusia, aflat pe
degetul mijlociu, permite detectia gustului dulce (prin screening-ul rapid al glucozei).
Degetul inelar imprimat cu cerneald de carbon este capabil sd detecteze prezenta
gustului picant asociat cu analitul capsaicina. Diferite arome din produsele alimentare
lichide si pulberile solide au fost identificate utilizand mana robotica, pe baza
»,amprentelor” electrochimice distincte ale markerilor de gust abordati In acest studiu.
Mai mult decat atat, mana robotica a fost utilizata pentru detectia cafeinei si a glucozei.
Astfel, senzorii robotici ar putea face diferenta intre  bauturile
cafeinizate/decafeinizate si dulci/neindulcite. Electrozii imprimati pe mana robotica
imita conceptul de ,limba electronica”, fiind cuplati la un potentiostat miniaturizat, iar
transmisia datelor se face in timp real printr-un sistem wireless catre un smartphone,.

6
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Astfel de instrumente robotizate pentru detectia aromelor si implicit a gustului, ar
putea fi utilizate Intr-o gama larga de domenii industriale si activitati zilnice. De
asemenea, cuplarea senzorilor electrochimici cu tehnologiile robotizate, are
potentialul de a furniza mai multd independenta si siguranta in viata cotidiana.

Sweet, sour or
spicy?!

Fig. 4 llustratie a degetelor robotice pentru screening-ul aromelor [11]

CONCLUZII GENERALE SI ORIGINALITATEA TEZEI

Originalitatea acestei teze este demonstratd prin fabricarea si testarea unor
senzori electrochimici inovatori, imprimati pe platforme neconventionale, cum ar fi:
gutiere, manusi de laborator si bandaje medicale. Senzorii sensibili au fost fabricati de
la zero si investigati din punct de vedere al performatelor analitice in doua
laboratoare: Centrul de Senzori Portabili (Universitatea din California, San Diego, SUA)
si Departamentul de Chimie Analiticd (Universitatea de Medicinad si Farmacie ,luliu
Hatieganu” Cluj-Napoca, Romania). Proiectele personale dezvoltate in aceasta teza se
concentreaza pe dezvoltarea senzorilor electrochimici neinvazivi (sau minim invazivi),
care se preteaza aplicarii pe corpul uman si care prezinta un potential semnificativ de
a detecta analiti chimici cu relevanta fiziologica sau din mediul inconjurator. Aceste
progrese tehnlogice vor conduce in viitorul apropiat la Imbunatatirea calitatii vietii,
reducand in acelasi timp costurile medicale.
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I. Introduction

In recent years there have been many exciting advances in the usage of screen-
printing technologies to design new types of electrochemical sensors. The combination
of electrochemistry with screen-printing methodology along with breakthroughs in
sensor miniaturization has allowed the introduction of powerful analytical tools for
effective monitoring of biomarkers and environmental hazards [1].

Among the sub-fields of printed electronics, printed wearable electrochemical
sensors are of special importance due to their widespread applications in healthcare,
food, agriculture and security. These systems have opened new paths for body-
integrated electronics that were earlier difficult to achieve. Much of the progress of
printed wearable electrochemical systems relies on both innovations in materials
engineering as well as novel combinations of conductive inks with diverse polymers or
composites. Because of this advancement, new generations of printed electrochemical
sensors include soft, light, flexible and anatomically-compliant electronics. The
progress of wearable electrochemical sensors has relied on researchers’ creativity in
combining screen-printing techniques with unconventional platforms and substrates
such as: gloves, medical bandages, mouthguards, and textiles, among others. This
innovative technological step has permitted better bio-integration of wearable
electrochemical sensors, which in turn increases the acceptance levels of these devices
in humans’ lifestyle [2].

The State of the art chapter presents the advancement of common
electrochemical sensors toward development of edible devices. Additionally, this
section presents detailed requirements for the development of wearable
electrochemical sensors. Taking into considerations these aspects, the ‘Personal
Contribution’ section focuses exclusively on presenting in detail the performances of
novel printed electrochemical sensors.

The main personal contributions presented in this PhD thesis were initiated
during a research stage at the University of California San Diego (USA), Center of
Wearable Sensors, under the supervision of Professor Joseph Wang and continued in
the Analytical Chemistry Department, ‘[uliu Hatieganu’ University of Medicine and
Pharmacy Cluj-Napoca, Romania, under the supervision of Professor Robert
Sandulescu. With the strong desire to employ innovative technologies and offer
practical solutions for healthcare and environmental monitoring, the thesis contains
four main chapters.
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II. Personal contributions

Chapter V. Mouthguard-based sensor for N€(Carboxymethyl)lysine detection in
saliva

The change in salivary composition is associated with illness susceptibility,
illness state, or both. In particular, the detection of advanced glycation end products
(AGE) which are known to affect the progression of diabetic and cardiovascular
complications, is of great interest [3]. N-Carboxymethyl-lysine (CML) is a major AGE
and its high concentration have been linked with oxidative stress and long-term
damage processes in proteins, in aging, atherosclerotic plaques and diabetes [4].
Despite the fact CML is quantifiable in untreated saliva samples, an electrochemical

sensor mounted in the oral cavity for its fast screening is firstly reported in this study.

Salivary monitoring of
N¢(Carboxymethyl)lysine

Fig. 1. lllustration of the mouthguard sensor for N€(Carboxymethyl)lysine screening [5]

The electrochemical device, represented by a replaceable ‘cavitas sensor’ for
painless and sensitive screening of CML in whole human saliva, was developed by
employing a well-established screen-printing protocol on a flexible foil platform (Fig
1). After printing, the sensor was fitted into a customized mouthguard. The advantages
of mouthguards platforms rely on their constant connection with saliva, which is a rich
biologic media that can be explored for the presence of various biomarkers. Moreover,
the mouthguards can be readily integrated into the daily life of a patient as a substrate
for wearable sensors. The fabricated electrochemical device was attached on a
phantom mandible, imitating the human oral cavity. CML was electrochemically
screened using fast DPV and the sensor exhibited a good connection between CML
levels and the current output. The sensor was also verified in the presence of intrinsic
and extrinsic salivary interferences at relevant levels, with satisfactory results. The
sensor’s analytical performance together with the possibility of fast saliva
investigation deliver countless benefits for more consistent POC devices used for
clinical and biomedical applications.
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Chapter VI. Printed electrochemical-based bandage and microneedle sensors for
tyrosinase screening. Potential of melanoma investigation

The development and performance of a wearable, fully integrated smart
bandage sensor with flexible electronics for detection of tyrosinase (TYR) activity
towards potential melanoma screening is described in this chapter. TYR is a
polyphenol oxidase expressed in epidermal melanocytes and pigmented epithelia,
being involved in the synthesis of melanin. Its over-expression and accumulation in
skin cells can lead to the formation of dark colored spots, identified as skin melanoma
which represents one of the most lethal forms of skin cancer [6].

The bandage printed sensor (Fig. 2) incorporates a biocompatible hydrophilic
gel containing catechol. In the presence of the target, TYR, the immobilized catechol is
oxidized to the correspondent benzoquinone (BQ). Subsequently, the smart-bandage
is able to reduce the generated enzymatic product, BQ, by amperometric
measurements on the printed carbon-based working electrode. The new skin-worn
TYR bandage biosensor has been combined with a flexible electronic board which
performed wireless data transmission to a mobile device.

Besides the noninvasive printed bandage sensor, a minimally invasive
microneedle sensing platform was employed for TYR screening in transdermal tissues.
The role of the microneedle TYR sensor is to physically pierce the upper layer of the
skin, facilitating the access to deep skin tissue areas. Overall, these bandage and
microneedle wearable sensors offer significant potential for detecting TYR on the skin
surface, but also under the skin, towards fast monitoring of melanoma.

TYR sensing

Fig. 2. Illustration of the electrochemical bandage sensor towards melanoma screening [7]

Chapter VII. Glove-based printed fingers for environmental monitoring of
Pseudomonas aeruginosa virulence factors

Pseudomonas aeruginosa (P. aeruginosa) is a gram-negative bacteria that is
involved in hospital-associated nosocomial infections, being in strong correlation with
increased rates of morbidity and mortality [8]. Since it is a resourceful pathogen and a
challenging adversary, under iron-deficient circumstances P. aeruginosa is able to
generate low-molecular weight composites, called virulence factors, in their vicinity
places. Two of the main virulence factors of P. aeruginosa are Pyoverdine (PyoV) and
Pyocyanin (PyoC) [8]. P. aeruginosa together with its virulence factors inhabit humid
environments and moist places such as ventilators, sinks, furniture, endotracheal tubes
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or medical equipment. In addition, exposure to these antimicrobial agents in the
hospital environment may create conditions for pathogen transmission, increasing
dramatically the therapy costs [8].

The design and operation of a medical glove-based electrochemical sensor
(Fig 3) used for screening of the mentioned virulence factors is described in this
chapter. The medical glove comprises two electrochemical sensors printed lengthwise
the index and middle fingers. After the glove-based sensors platform is positioned on
an individual’s hand, it can be useful for quick screening of PyoC and PyoV on different
contaminated surfaces. Both electrochemical sensors were printed using silver ink for
reference electrode and carbon ink for working and counter electrodes, respectively.
After printing, a semisolid conductive gel was placed on the surface of the electrodes.
The gel had the role of facilitating the analytes to diffuse to the electrode, after the
fingers-based devices were swiping different contaminated surfaces. The ‘swipe for
notification’ method is based on a square wave voltammetry measurement and gives a
reliable and robust feedback in about 4 minutes. The inexpensive, reusability, rapidity
and the straightforwardness of the sensing glove fabrication are important features
towards decentralized screening of bacterial threats.

uginosa

Fig. 3. lllustration of the electrochemical glove sensor towards Pseudomonas aeruginosa screening [9]

Chapter VIII. Robotic fingers for gustatory chemical sensing

Since the sense of taste is essential for human beings, there are also
considerable demands for taste sensing via robotic tools in connection with food and
pharmaceutical industries [10].

The concept of robotic chemical sensing fingers for the detection of three major
tastes, including sweetness, sourness, and spiciness in varied series of foodstuff and
beverages is presented in this chapter. To address this challenge, three sensing
electrodes were screen-printed on a flexible glove which was lined up on a robotic
hand (Fig. 4). Carbon-printed index finger detects the sour flavor, revealing the
presence of ascorbic acid. Prussian Blue modified enzyme-based biosensor, on the
sweet-sensing middle finger, allows rapid screening of glucose. Spicy-sensing carbon-
based sensing finger is able to detect the presence of capsaicin. Various flavors of
liquid foodstuffs and solid powders were identified using the robotic sensing hand,
based on the distinct electrochemical signatures of the taste markers. Moreover,
robotic sweet and caffeine sensors could discriminate  between
caffeinated/decaffeinated and sugar/sugar-free beverages. The soft e-skin sensing
electrodes were coupled to a wireless electronic board for real-time Wi-Fi data
transmission to a smart device. Such taste sensing robotic tools could help in a wide
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range of industrial operations and daily activities. Also, coupling low-cost,
electrochemical worn sensors with robotic technologies have the potential to give
more independence and ease in daily life.

Sweet, sour or
spicy?!

Fig. 4. lllustration of the electrochemical-based robotic fingers toward flavors screening [11]

General conclusions and originality of the thesis

The originality of this thesis is demonstrated through the fabrication and
testing of novel, wearable electrochemical sensors printed on unconventional
platforms such as: a mouthguard, investigation gloves and medical bandages.
Wearable sensors were fabricated ‘from scratch’ exclusively in two main laboratories
where their analytical performance was investigated: Center of Wearable Sensors,
University of California, San Diego, USA and Analytical Chemistry Department, ‘luliu
Hatieganu’ University of Medicine and Pharmacy Cluj-Napoca, Romania. The personal
projects developed in this thesis focus on developing body-compliant, skin-worn
electrochemical sensors that possess the significant potential of detecting
physiologically relevant chemicals directly on the human body, or from the
surrounding environment, in a completely non-invasive manner. These developments
hold considerable promise for maintaining and improving quality of life while

reducing medical costs.
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