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Abstract

Luminescence can be utilized in various commercially important applications such as anti-
counterfeit (AC) markings and bioaffinity assays. The increasing demands for product
authentication by consumers, and point-of-care (POC) health monitoring systems, can be met
using luminescence based solutions developed to be compatible with simple instrumentation such
as smartphones. Use of environmentally friendly materials like cellulose would further benefit such
applications.

In this thesis, the luminescence properties of fibrillary cellulose films and cardboard materials
are studied to find a cellulose based material usable as a substrate for luminescent AC markers.
Multiple combinations of organic luminophores, lanthanide chelates and inorganic phosphors have
been used to create datasets i.e. luminescence topography maps (LTM) for verification of the
authenticity of the product package. The whole authentication process, from the photoexcitation
of the marker to the recognition of the product, is demonstrated with a smartphone application.
Wide variety of marker luminophores can be used in the future, as camera technologies and
computing power of the smartphones are constantly evolving. The results also show that cellulose
as substrate displays weak long-lived photoluminescence emission. This emission originating from
multiple luminescence centers, can be utilized in LTM as an internal standard in the method.

Cellulose based composite materials are also investigated as low-cost alternatives for expensive
oxide-coated silicon electrodes for electrochemiluminoimmunoassays. Composite electrodes made
of insulating cellulose derivatives or polystyrene with different conductive carbon materials are
studied, and these materials are used to make screen-printed electrode chips. The analytical
applicability of the electrodes have been tested in immunoassay of C-reactive protein with
Tb(IIT)chelate and fluorescein isothiocyanate (FITC) labels. The results indicate that conductive
carbon-cellulose composite materials are well suited for the fabrication of screen-printed
electrodes. Low background emission, wide linear range and low detection limits are obtained with
these electrodes. FITC could provide lower detection limits of the analyte than the presently used
Tb(III) chelate labels, which is very promising for low-cost POCT applications.
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Luminesenssia voidaan hy6dyntda useissa kaupallisesti merkittavissa sovelluksissa, kuten
vaarennosten ehkiisyssi ja bioaffiniteettimadrityksissa. Pienlaitteilla tehtdva vierianalytiikka ja
tuotteiden aitouden varmentavat menetelmait ovat tulleet kaiken aikaa yha merkittavimmiksi, ja
kuluttajien itse kiyttamat pienlaitteet tulevat olemaan tulevaisuudessa hyvin tirkedssd asemassa.
Luminesenssiin perustuva méaritysmenetelm4, joka on kehitetty yhteensopivaksi yksinkertaisten
laitteistojen, kuten dlypuhelinten kanssa, vastaa varsin pitkalti naihin vaatimuksiin.
Ymparistoystavéllisten valmistusmateriaalien, kuten selluloosan kiytto edistda my0s osaltaan
sovellusten kiinnostavuutta.

Viitoskirjatyossa tutkittiin fibrilliselluloosakalvojen ja kartonkimateriaalien
luminesenssiominaisuuksia seka niiden hyddynnettavyyttd substraatteina luminoiville
merkkiaineille. Useiden orgaanisten luminoforien, lantanidikelaattien ja epdorgaanisten fosforien
yhdistelmia hyodynnettiin aitouden varmentamiseen kiytettavissa tietokannoissa
luminesenssitopografiakarttojen muodossa. Koko aitouden tarkistamisprosessi, merkinnan
valovirityksesta tuotteen tunnistamiseen, toteutettiin myos alypuhelinsovelluksella. Laajaa
valikoimaa erilaisia merkkiaineita voidaan hyodyntaa tulevaisuudessa dlypuhelinten
kameratekniikan ja laskentatehon kehittyessa. Selluloosalla havaittiin esiintyvan useasta
luminesenssikeskuksesta johtuvaa pitkaikaista luminesenssia, jota voidaan myos tarvittaessa
hy6dyntaa aitousmerkinnin pakkausmateriaalikohtaisena sisdisend standardina.

ViitoskirjatyGssa tutkittiin my0s selluloosapohjaisista komposiittimateriaaleista valmistettuja
elektrodeja edullisina vaihtoehtoina oksidipaillystetyille piielektrodeille
elektrokemiluminoimmunomaérityksissi. Selluloosajohdannaisia ja polystyreenia kiytettiin
eristemateriaalina, ja hiilimustaa ja grafiittia johdemateriaalina komposiittimusteissa, joista
valmistettiin silkkipainettuja elektrodisiruja. Elektrodien analyyttinen sovellettavuus testattiin C-
reaktiivisen proteiinin maarityksella kaytettaessa leima-aineina Tb(IIT)kelaattia ja fluoreseiini-
isotiosyanaattia (FITC). Selluloosapohjaiset komposiittimateriaalit soveltuvat hyvin
silkkipainettujen elektrodien valmistukseen, ja niilld todettiin olevan matala taustaemissio, laaja
lineaarinen alue ja matalat toteamisrajat. FITC:114 voidaan saada jopa matalampia toteamisrajoja
kuin Tb(II)kelaatilla, mika on lupaava ominaisuus kustannuksiltaan edullisia vierianalytiikan
sovelluksia ajatellen.
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1. Introduction

Luminescence is an emission of light that occurs when an excited state of atom
or molecule relaxes radiatively to its ground state. In photoluminescence (PL)
the excitation is produced by photons, whereas in hot electron-induced electro-
chemiluminescence (HECL) hot and/or hydrated electrons induce redox reac-
tions, which lead to the excitation of luminophores. Luminescence methods can
be utilized e.g. in research and development efforts for qualitative and quanti-
tative analysis of luminescent substances, and in quality control to study the
purity of the studied material or the changes occurring during the manufactur-
ing process. Luminescence methods are also widely used in biochemical and bi-
ophysical applications such as immunoassays. [1] Due to the unique nature of
luminescence phenomenon, and the high sensitivity, specificity and non-inva-
sive character of luminescence detection methods, luminescent markers are
also used in many kinds of anti-counterfeit (AC) technologies. [2—10]

Cellulose is a renewable material that can be used as a substrate in various lu-
minescence applications. [11—16] In order to be able to utilize cellulose and nan-
ofibrillar cellulose substrates in photoluminescence applications, their lumines-
cence properties have to be understood. In this research work, the fluorescence
and phosphorescence of solid cellulose samples were studied, and the possible
sources of luminescence were considered. The influence of fibrillation method
on luminescence properties was also investigated in this thesis. (Publication 1)
In addition, the luminescence properties of cardboard materials were studied
with the aim of adding AC markers on product packages.

An AC marking should have properties which make not only the replicating of
the security label difficult, but also the knowledge of how the information can
be utilized should be non-obvious. E.g. some parts of the information can be
visible under UV-light with a naked eye, while some can be seen only from the
instrumentally measured luminescence spectra. The possibility for portable de-
tection is necessary in order to make such methods available also to the end
users and not just research laboratories. The use of smartphones as lumines-
cence detectors would make such techniques more accessible. The use of differ-
ent luminescent markers and their detection methods for AC solutions are dis-
cussed in this thesis.



In HECL measurements, hot electrons are normally generated by pulse polari-
zation of an electrode coated with a thin insulator layer. The insulating layer
makes the tunnel emission of energetic electrons from the electrode to the solu-
tion possible [17—20]. Polymers such as polystyrene (PS) (Publications 2, 4) and
cellulose derivatives (Publications 3, 4) have been studied as insulating materi-
als in this work. Composite electrodes can be produced e.g. by spin-coating and
by printing techniques using polymer containing carbon particles as an ink. The
properties and performance of PS-graphite (PS-G) electrodes were first com-
pared with more traditionally used oxide-covered aluminium electrodes (Publi-
cation 2). The possibility to replace PS with more environmentally friendly cel-
lulose derivatives were studied next (Publication 3). PS and ethyl cellulose (EC)
-carbon black (CB) composite materials were used in the fabrication of screen-
printed electrode chips (Publication 4).

Some aromatic Th(III) chelates exhibit high HECL emission intensity and a rel-
atively long luminescence lifetime. This makes the use of electrode materials
generating relatively high background emission, such as oxide-covered alumi-
num electrodes, possible when time-resolved detection is used. However, when
the aim is to develop more inexpensive immunoassay methods, the use of low-
cost luminescent labels with a short luminescence lifetime should be considered
(Publication 4). The performance of screen-printed electrodes and the usability
of fluorescein isothiocyanate (FITC) as a label were studied and compared to the
results obtained with materials used in earlier studies. The immunoassays of C-
reactive protein (CRP) were used to confirm the practical applicability of the
method. (Publication 4)

In summary, the study and use of environmentally friendly materials (Publica-
tions 1, 3, 4), for the development of anti-counterfeit technologies (Thesis) and
new materials for low-cost immunoassays (Publications 2, 3, 4) are all commer-
cially valuable topics. This thesis compendium is organized so that the chapters
2, 3, 4 and 5 provide a brief introduction to the principles of luminescence, the
development of luminescent labels, the luminescent properties of cellulose and
hot electron electrochemistry, respectively. The experimental methods used in
this research are presented in chapter 6 and the significant results obtained are
discussed in chapter 7. Finally, the main conclusions of this research are sum-
marized in chapter 8.



2. Principles of Luminescence

Luminescence is usually classified depending on the nature of the source of en-
ergy used for achieving the excited state. In photoluminescence (PL), the exci-
tation is produced by photons and it can be further divided into fluorescence
and phosphorescence according to the nature of the excited state. In chemilu-
minescence (CL) methods, the excitation energy is produced by chemical reac-
tions. In electrochemiluminescence (ECL), at least one of the reactants resulting
in the chemical reaction is produced electrochemically. In particular, during hot
electron-induced electrochemiluminescence (HECL), hot and hydrated elec-
trons generated at the electrodes induce redox reactions, which lead to the ex-
citation of a luminophore. [21]

In both PL and HECL, the luminescence processes are similar after excitation,
since both the redox reactions and photoexcitation result in the same excited
states. However, both excitation methods have their own characteristics, bene-
fits and limitations, which are discussed next.

2.1 Photoluminescence

Photoexcitation is possible using a light source with sufficiently high photon en-
ergy and intensity. Luminescence spectrometers typically consist of at least a
light source, excitation and emission monochromators, sample holder and a de-
tector, similar to conventional spectrophotometers. While in absorption spec-
trometry, the light absorbed by the sample is measured, in luminescence meas-
urements only the emitted light is desired to be detected. In liquid samples, the
cuvette is usually placed at a 90° angle to the light source, while with solid sam-
ples, the angle is selected so that the excitation light would not reflect towards
the detector.

Excitation efficiency is an important parameter in luminescence, since the emis-
sion intensity is directly proportional to the excitation light intensity. Several
types of light sources can be used as excitation sources: mercury and mercury-
argon lamps, with lines from UV to IR; pulsed xenon lamps and xenon gas dis-
charge lamps with emission at about 200-750 nm; and lasers, laser diodes and
leds available in various wavelengths. [1] The use of LEDs and laser diodes is



beneficial in portable and hand-held instruments due to their small size. Lasers
emit a very narrow wavelength band of light, which makes the use of excitation
monochromator or filter unnecessary, however the same excitation wavelength
is often usable only for limited luminophores. When excitation sources with
broader bandwidths are used, filters, slits, and mirrors play an essential role in
providing sufficient resolution and the selection of the exact excitation wave-
length. Filters can also be used to reduce the background emission caused e.g.
by the matrix, or Raman and Rayleigh-Tyndall scattering. [1,22]

Photomultiplier tubes are the most commonly used detectors in traditional lu-
minescence spectrometers. Charge-coupled devices (CCD) have also become
common due to their relatively small size, easy connectivity, relatively high sen-
sitivity, wide linear range, and relatively low cost. [1,22,23] With time-resolved
(TR) detection, the signal-to-background ratio and sensitivity is better than in
standard fluorescence measurements, [21] since e.g. in pulsed methods the ex-
citation light is completely turned off and the background caused by scattering
effects are eliminated. This simplifies the optics and lowers the cost of the equip-
ment. [21,24] However, when the excitation has to be pulsed, this increases the
requirements for the equipment.

When small size and low-cost equipment with accurate and reliable detection
are needed, some compromises must be made. When high wavelength resolu-
tions are needed, the use of full sized laboratory equipment is necessary. How-
ever, even a smartphone can be used as a luminescence detector in many mod-
ern applications, when similar accuracy is not required. These topics are dis-
cussed in detail in this thesis.

2.2 Hot electron-induced electrochemiluminescence

In HECL, the excitation process is more complex than in photoluminescence. In
HECL hot and hydrated electrons induce one-electron redox reactions, which
lead to the excitation of luminophores. These high-energy electrons are nor-
mally generated upon the pulse polarization of an electrode coated with a thin
insulator layer. [17] Electrons are first injected into the conduction band of wa-
ter, then thermalized and subsequently hydrated, forming oxidizing radicals
when reacting with dissolved oxygen or added co-reactants such as peroxodi-
sulphate. [20] Since oxygen is usually present in the solutions, oxyradicals are
generated by one-electron reduction (Equations 1-3 [20]):

02 + e;q 4 05_ (1)
05 + egq + 2H,0 — 2H,0, + 20H" (2)
2H,0, + eqqg - OH™ + OH" (3)

An azidyl radical is rapidly produced when an azide ion reacts with a hydroxyl
radical (Equation 4 [25]):



OH® + N;y - OH™ + N; (4)

Peroxodisulphate produces highly oxidizing sulphate radicals at near diffusion
controlled rate when hydrated electrons are present (Equation 5) [26]:

€aqg + 520§~ = S0F~ + S0;~ (5)

The simultaneous presence of both extremely strong one-electron oxidants and
reductants allows difficult redox reactions to occur and enables the excitation of
label compounds. [20] The excitation route is dependent on the lifetime and the
redox properties of all the radical species involved in the system in an aqueous
solution. Label luminophores can first be one-electron reduced by a presolvated
hot or hydrated electron to a corresponding radical species (Equation 6). The
formed luminophore anion radical is then one-electron oxidized back to its orig-
inal oxidation state by a strong one-electron oxidant, leaving the luminophore
in its excited state (Equation 7). [27]

L+e” =L~ (6)
L'~ 4+ 0x* > L+ 0x™ @)

Alternatively, the luminophore is first one-electron oxidized to a radical species
(Equation 8) and then one-electron reduced by a hot presolvated electron or
hydrated electron to its excited state. (Equation 9) [27]

L+0x">L"t+0x" (8)
L't+e - L* (9)

The excited luminophore finally emits light, similarly as after photoexcitation.

The HECL instrumentation is relatively simple compared to PL, since excitation
light and monochromators are not needed. The voltage needed for excitation is
typically produced by a pulse generator, however even the use of direct current
excitation is possible with certain electrode materials, if instrumentation is re-
quired to be simplified even further. A lightproof sample cell with cathode, an-
ode and the sample holder is also relatively compact. Photomultiplier tubes are
typically used as detectors, and gated photon counters make the TR measure-
ments possible. However, all the similar detectors as in PL are usable when the
emission intensity is sufficiently high.

Cathode material is one of the most important factors in HECL measurements,
since the energy levels required for the generation of the hot electrons are not
achievable using traditional electrode materials. Different electrode materials
and their properties are discussed in detail in this thesis and in the Publications

2-4.



3. Luminescent labels and markers

Understanding the factors influencing the luminescence of organic compounds
is important when new materials are investigated, or when the emission prop-
erties of the compounds e.g. markers or labels, are desired to be altered.

Luminescence of aromatic and other highly unsaturated aliphatic structures is
typically caused by conjugated st systems, where an electron can be promoted
from a mt orbital to an antibonding ;t* orbital (So=>S»). Transitions from n orbital
to st* may also produce weak emission from first excited singlet state S,. How-
ever, when the intersystem crossing becomes fast enough to compete with tran-
sitions from S; to S,, the process leads to emission from the triplet state T..
[1,22]

Emission from the triplet state occurs at longer wavelengths, and has longer
lifetime due to the involved processes, where the excited electron has to reverse
its spin before transition to T, and again when returning to S,. [1,22] Transition
metal—organic ligand complexes display mixed singlet—triplet states, since the
spin multiplicity of the central ion may change or it may remain unchanged in
an emissive process. [21]

Luminescent molecules are often sensitive to changes in their environment. Not
only the concentration of luminophore, but also temperature, polarity and pH,
and various quenching effects (e.g. by oxygen or heavy atoms) can have an effect
on the luminescence intensity, quantum yield, emission maxima and lumines-
cence lifetimes. At high luminophore concentrations, the proximity of fluores-
cent groups can cause an inner filter effect if their emission and absorption
wavelengths overlap. [1,22]

The rigidity of the molecule reduces non-radiative transitions and intra-mole-
cule vibrations and enhances luminescence. The chelation with metal ions stiff-
ens the structure and enhances transitions to triplet state. [1]

The greater the extent of the 7 electron system, the lower the energy of «t to n*
transitions, and consequently the absorption and emission spectra are shifted
to longer wavelengths and the quantum yield is increased. Functional groups
can also change the photophysical properties due to conformational changes.



For example, the carboxylic group can be in a position close to coplanarity of the
ring structure, which induces an intramolecular charge-transfer character to the
7t- ¥ transition. The electron donating groups (e.g. -OH, -OR, -NH.,, -NR;) tend
to increase the emission probability from the S1 state, while electron withdraw-
ing groups (e.g. -C=0, -COOH, -NO,, -Cl) tend to decrease it and add the prob-
ability to long lifetime luminescence. Similarly, a heteroatom in a 7 conjugated
system has an effect on the energies of n- t* and n- n* states and emission prop-
erties, often by decreasing the absorption coefficient and increasing the lumi-
nescence lifetime. [1,22]

The properties of different luminophores, luminescent matrixes and the appli-
cations of these materials are discussed next.

3.1 Organic luminophores and metal chelates

Organic luminophores such as fluorescein and its derivatives are used as probes
and labels e.g. in bioaffinity assays due to their high quantum yield [21], and as
spectroscopic markers e.g. in authentication, due to their low cost and easy
availability [28]. However, fluorescein has a short Stokes shift, which lowers the
signal-to-noise ratio, and it is relatively easily photobleachable. Fluorescein
isothiocyanate (FITC) is one of the most important fluorescein derivative labels,
and it is usable e.g. in immunoassays [24] due to the isothiocyanato group that
is easily coupled with amino groups in protein and peptide chains [29,30].
Emission maximum of fluorescein is at 515 nm and that of FITC is at 522 nm.
[31]

Organic molecules are often used as ligands to form chelates with metals, such
as terbium(III), europium(III) or ruthenium(II). In case of lanthanides, the lig-
and works as an antenna and energy is transferred from the singlet state of the
ligand through its triplet state to the resonance state of the metal.

Tris(bipyridine)ruthenium(II) chloride (Ru(bpy)s2*) is currently the most
widely used label in ECL. [32] However, it does not have similar importance as
a label in HECL or photoluminescence applications, due to the better usability
of other labels such as fluorescein and lanthanide(I1I) chelates in such applica-
tions. Ru(bpy)s2* emits light from its metal-to-ligand excited tripled state by a
broad emission band with a maximum at 620 nm [33].

Terbium(I1T) and europium(III) ions form complexes with organic ligands, and
can emit visible light with f-f transitions. [21] Figure 1 shows a simplified exam-
ple of the electronic states, and the processes leading to emission from S; and T,
states of the ligand, as well as the delayed luminescence from the resonance lev-
els of a transition metal ion.
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Figure 1. The electronic energy levels and transitions in a fluorescent organic molecule. So =
ground state, S12 = excited singlet and T12 = excited triplet states of the ligand. a-f = the reso-
nance levels of the rare-earth ion. Straight arrows = radiative energy transfer, wavy arrows =
nonradiative energy transfer. [24]

The emission peaks for Europium are due to the transitions 5D,—7F,: 580 nm,
5Dy—7F»: 613 nm, and 5D,—7F,: 690 nm, and for Terbium(III) 5D,—7Fs: 490
nm and 5D,—7F,: 545 nm. [34] The 4f orbitals are shielded by the electrons in
the 5s and 5p shells, so they do not participate in the formation of chemical
bonds. Because of this, the effect of the matrix is small, causing sharp emission
peaks at the same wavelength in solution. [35] However, especially in the solid
state, matrixes have a significant effect on the excitation, and on the emission
intensity and luminescence lifetime as discussed next.

3.2 Persistent luminescence phosphors

Persistent luminescence phosphors (PLP) are typically inorganic materials, con-
sisting of a host lattice, doped with low concentration of metallic impurities
called activators and sensitizers. In PLPs, the sensitizers absorb the energy and
transfer it through the luminescent material to the activator, which is then re-
sponsible for the emission. The long decay time is due to the storage of the ex-
citation energy by energy traps, and the gradual release from them with thermal
energy. This phenomenon is often called as long lasting phosphorescence or
even phosphorescence, even though the phenomenon is not due to triplet-to-
singlet transitions, as in the case of phosphorescence of organic compounds.
[36,37] The commercial PLPs were originally based on different sulphide mate-
rials such as ZnS doped with Cu2* [38], and the luminescence lifetimes were up
to few hours. With more recently developed alkaline earth aluminate phosphors,
the emission intensities are higher and the lifetimes can be 25 hours and even



more. [37] The examples of commercially available rare earth co-doped PLPs’
emission spectra are presented in Figure 2.
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Figure 2. The luminescence emission spectra of blue, green and red emitting phosphors after UV
excitation [37].

The emission colour can be adjusted by changing the absorbing and emitting
impurity ions, and the afterglow can be shortened by adding some quenching
impurities. [36] In addition, the properties of the host-lattice also have an effect
on the luminescence. The mixed crystal proportions, e.g. in the ZnS—CdS—
Cu system, have an effect on the electron traps, and at high CdS contents some
relatively deep electron traps are produced [39], which have an effect on both
emission maxima and luminescence lifetimes. [36]

The properties of the PLPs can be adjusted by multiple parameters depending
on the application and the budget. Some host materials (both MAIL,O, and
M.MgSi,0,, M: Ca and Sr) are otherwise rather inexpensive, however the high
purity requirements increase their price. [37] Also ZnS based PLPs are still
widely used in applications where highest emission intensities and lifetimes are
not needed. Different PLPs are used in light sources, displays, detectors such as
X-ray screens and scintillators, biomedical applications, and in track and trace
and anti-counterfeit applications. [40,41]



3.3 Luminescent markers in anti-counterfeit applications

The range of counterfeit products is wide, and different product types require
their own authenticity and traceability markings, depending on their size, ma-
terial and intended use. Overt features, such as colour shifting inks, are visible
with a naked eye. Semi-covert techniques, such as luminescent figures, are vis-
ible under UV-light. Covert techniques have information, e.g. from luminescent
markers, which can only be read with an external reader. In forensic techniques,
luminophores are present in trace amounts or their information is so difficult to
analyse, that laboratory level testing is required. In track and trace techniques,
products have some kind of unique code, which can be verified in every step of
the products’ supply chain. [42]

Organic luminophores have been used as AC markers due to their easy availa-
bility and low cost. However, these markers are easily recognised and acquired
by counterfeiters, which results in the illegal reproduction of taggants by
them.[2] Therefore, in AC techniques, the luminescent markers should be tun-
able so that the marking would be too difficult, expensive or time-consuming to
be reproduced. Due to this, a wide range of different AC markers are used based
e.g. on lanthanide chelates [3,4], organic-inorganic hybrid materials doped with
lanthanide ions [5], lanthanide-doped zeolite [43], and lanthanide-doped nano-
crystals [6]. Also e.g. upconversion nanocrystals [7], quantum dots [8], and car-
bon dots (CDs) [9,10] have great potential as AC markers due to their tunable
lifetime and emission properties.

The use of luminescent markers in AC techniques are often best known from
valuable papers, where markings can be seen already with the naked eye under
UV-light, and the information obtained from the markers can be analysed fur-
ther in a laboratory. With laboratory level spectrometers, even highly compli-
cated emission information can be separated by emission intensity, wavelengths
and luminescence lifetimes. Further, luminescence markers can be combined
with a wide variety of different forensic materials e.g. physical, spectroscopic,
chemical and DNA markers [28], to create highly secured AC technology.

When the goal is to obtain an AC technology that is usable in various steps of
the product’s supply chain, some compromises with the security level must be
made. Due to the rapid development of smartphones and their cameras, the au-
thentication of covert luminescent labels by the end users is becoming a more
and more realistic goal. Smartphones can be used in luminescence detection
since they have high computing power, high-resolution cameras, and they are
small sized and inexpensive compared to a traditional sensor system. The easy
connection to internet and databases makes them even more usable. [5] With
regular smartphones, different emission wavelengths cannot be separated as ac-
curately as with grating. However, by using different colour models, such as
RGB (Red-Green-Blue), HSV (hue, saturation, value) and YCbCr (Luma,
Chroma Blue, Chroma Red), emitting colours can be represented in a numerical
form.
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Regardless of the used technology, the smartphone AC application should be
able to decode the luminescent information, compare it to the database, and
provide a description of the authentication to the user, so that they can be en-
sured that the product is genuine. At the same time, the application should be
easy to use, reliable and low-cost. [40]
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4. Cellulose as a material in lumines-
cence applications

4.1 Basics of cellulose

The interest in developing sustainable alternatives to oil-based products is con-
stantly increasing. Cellulose is one of the most abundant organic compounds on
the earth. It is typically produced from the lignocellulosic biomass, which con-
sists of cellulose, hemicelluloses, lignin, extractives such as starch, pectins, sug-
ars, aromatics and fatty acids, and inorganic compounds [44]. It is also possible
to produce cellulose e.g. by bacterial process, to be able to get pure cellulose
without any traces of the above-mentioned compounds.

Cellulose is composed of B-(1-4)-glycosidic linked glucose with three hydroxyl
groups that cause cellulose to form hydrogen bond networks with the molecule
itself, with other cellulose molecules, and with other substances in the matrix.
Hydrogen bonding gives cellulose a multitude of partially crystalline fiber struc-
tures and morphologies. [45] Cellulose differs notably from widely used oil-
based polymers e.g. polystyrene (PS), in which the repeating phenylethene unit
does not have similar functionalization as celluloses.

Cellulose is sensitive to hydrolysis and oxidation of the chain, forming acetal
groups, and its hydroxyl groups can be modified to form cellulose derivatives.
[45] Especially, oxidation with 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
has drawn attention for promoting selective oxidation of the hydroxyl groups at
C-6, to form aldehyde and then carboxylic groups in cellulose. When the hy-
droxyl groups have been oxidized, the strong hydrogen bonding decreases and
the mechanical separation of cellulose to 3-5 nm fibers becomes easier. [46,47]
The development of cellulose nanofibers have attracted significant interest in
the last few decades due to their unique characteristics, such as their high aspect
ratio and ability to form strong network structures.

Various celluloses, such as fully bleached kraft and sulphite pulps, Whatman
filter paper, and algal and bacterial celluloses, have all been found to show a
characteristic fluorescence [48], and regardless of its origin, cellulose has ob-
servable photoluminescence. Different emission wavelength maxima (between
420 and 495 nm) have been reported depending on used excitation wavelengths
(between 285 nm and 360 nm) [49,50], and multiple different functional
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groups, impurities, interactions and structural changes have been proposed to
be responsible for the luminescence of cellulose. [49,51—53]

4.2 Applications of cellulose

Cellulose can be used as a platform for wide variety of applications due to its
unique properties. Nanocelluloses and cellulose derivatives, and their compo-
sites with inorganic and organic substances, have been used in e.g. biological
applications, water treatment, sensors, reinforcing agents, energy storage ma-
terials, and in many other kinds of functional materials. [54]

By converting some or all of the cellulose molecule’s three hydroxylic groups to
other groups, the material’s properties such as solubility, hydrophilicity and
strength can be changed significantly. Cellulose derivatives such as ethers e.g.
ethyl cellulose (EC), where part of the hydroxyl groups on the glucose units have
been converted to ethyl ether groups, and esters e.g. cellulose acetate propionate
(CAP), which contains acetyl and propionyl groups, are used for coatings, lami-
nates, optical films, sorption media, additives in building materials, pharma-
ceutical and cosmetic products etc. [45].

Cellulose can be used as an insulating material due to the lack of intrinsic free
electrons and holes. However, metallic or semiconductive structures can be
added to cellulose chains by chemical bonding. [55] Chemical stability, electrical
conductivity, photo-catalytic activity, and photosensitivity can be altered by
adding conductive material into a cellulose matrix [55,56]. Cellulose-based
composites have been used e.g. in gas sensors, capacitive sensor, UV sensors,
humidity sensors and strain sensors. [57]

Cellulose based materials have been widely used in chemical sensors and as
tools for environmental applications in fluorescence sensing, i.e. for detection
of biological analytes. In most of the designs, chromophores are immobilized in
a polymer membrane displaying analyte-dependent optical properties that are
usable in sensors. [11] Nitrocellulose in particular is very commonly used sub-
strate material in rapid diagnostic tests utilizing the principle of immunochro-
matography. [58] The room temperature phosphorescence of cellulose deriva-
tive-heavy metal composites has led them to be regarded as candidates suitable
for bioimaging, molecular sensing, optical devices, and other applications. [12]

Cellulose fibers [13] and biobased plastics made of cellulose hydrogels [14] have
been used as a matrix for luminescent labels, without changing the mechanical
properties of matrix significantly. Cellulose nanocrystal films have been func-
tionalized with CdS quantum dots. [15] Tempo-oxidised nanofibrillar celluloses
(NFC) have been bound with CDTe [16] to produce tunable emission from QDs.
All these materials can also be used in anti-counterfeit purposes. [13-16]
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Cellulose has great potential to be used in wide variety of applications. The pho-
toluminescence properties of cellulose have been studied in Publication 1 and
cellulose derivatives are investigated as an insulating material in HECL applica-
tions in Publications 3 and 4.
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5. Electrode materials for hot electron
electrochemistry

In HECL, energetic electrons are injected from the electrode to the conduction
band of water. HECL intensity is dependent on the processes occurring inside
the electrode and at the electrode surface, since if the electron injected/trans-
ferred does not have sufficient energy, it will not be able to induce the chemical
reactions necessary for the excitation of the luminophores. Electrons injected
into the conduction band of water are first delocalized, subsequently thermal-
ized and finally hydrated. Hydrated electrons act as mediators in chemical reac-
tions leading to the excitation of the luminophores.

5.1 Metal electrodes

The generation of hydrated electrons is complicated because of the narrow elec-
trochemical window of the water. With typical metal electrodes, high cathodic
potentials lead to vigorous hydrogen evolution as presented in Figure 3. For low
voltages, higher than the decomposition potential of water Ud, water is decom-
posed into hydrogen and oxygen (A-B). When the voltage is increased, the cur-
rent density also increases and a gas layer develops around the electrodes. The
density of the bubbles and their mean radius increase with increasing current
density (B-C). When the terminal voltage is increased above the critical voltage
Ucit, the bubbles coalesce into a gas film around the working electrode. Bright
light emission is observed in the film when electrical discharges occur between
the tool electrode and the surrounding electrolyte (D-E). [59]
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Figure 3 Typical current—voltage plot with photographs obtained around the tool electrode in 30%
NaOH. [59]

Typical metal electrodes are not usable for generating hot electrons since i) the
bright light emission causes too high background for the luminescent measure-
ments, ii) the hydrogen generation is preferred over the generation of hydrated
electrons [60], iii) the increase in electric current does not cause considerable
change in the electrode potential, which is needed to generate hot electrons.
These problems can be avoided by using electrodes covered with a thin insulat-
ing film.

5.2 Thin insulating film-coated electrodes

The insulating layer affects how the potential between the insulator covered
metal electrode and the counter electrode changes as a function of externally
applied voltage/current. The insulating film limits hydrogen generation at
higher potentials and allows the transportation of kinetic hot electrons to the
insulator/electrolyte-interface across the conduction band of the insulating
film. [61]

HECL has been studied with several electrode materials coated with an insulat-
ing oxide layer (e.g. Al/Al.Os, Si/SiO., C/CO,—x and Ta/Ta.0;s) [20,62—64].
When electrons are tunnel emitted through an insulating film the thickness of
the film greatly influences the HECL intensity. The optimal thickness of insulat-
ing layer in Al/Al,Os electrode has been found to be ca. 2—5 nm. [20] If the film
is thinner than 2 nm the injection of the electrons occurs before electron energy
reaches the potential of the conduction band of water. With even lower film
thicknesses, hydrogen formation is dominant and the potential cannot be raised
to sufficiently negative values as described above [20]. If the insulating layer
exceeds ca. 4—5 nm, Fowler—Nordheim tunneling starts to dominate as an elec-
tron transportation mechanism. Therefore, the layer has to be thin enough, so
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that the direct field assisted tunneling of electrons is possible without the con-
siderable loss of energy in scattering. [65]

Aluminum has a natural oxide layer coverage, with quite appropriate thickness
of the insulating oxide film. This makes aluminium an easily producible and in-
expensive material for HECL measurements. However, impure aluminium elec-
trodes produce relatively high long-lived background emission, [66] and Al.O4
is known to be sensitive to pH due to dissolution of the insulating oxide layer
[671]. Silicon does not have sufficiently thick natural oxide layer to produce good
HECL efficiency. However, the oxide layer can be made thicker via e.g. ther-
mal/anodic oxidation or atomic layer deposition [19,68]. Si/SiO2 electrodes
have shown excellent HECL performance in terms of low background lumines-
cence in time-resolved measurements, electrode stability, and hydrated electron
yield. However, the material and manufacturing costs of Si/SiO2-electrodes are
relatively high, especially when high reproducibility is required.

In addition to oxide films, HECL has been observed at oil film-covered carbon
paste electrodes, where the electrodes were manufactured by simply pipetting
paraffin oil onto the carbon paste electrode surfaces. [69] This demonstrates
that thin insulating films can be produced by multiple ways. However, insulat-
ing organic polymer film covered electrodes have some drawbacks such as time-
consuming manufacturing process, fragile nature of the polymer layer and the
need for clean and expensive substrates. The background emission of electrode
material during cathodic pulses can be caused by several parallel mechanisms,
e.g. charge carrier recombination and excitation of luminescence centres in the
insulating layer by hot-electrons, and emissions originating from the surface
states of the insulating film at the solid/electrolyte interface [70]. This high-
lights the importance of the purity of the insulating material.

In composite electrodes, the insulating polymer material surrounds the con-
ducting particles and enables electrons to be transported through the thin pol-
ymer layer to the electrolyte solution. The main advantage of composite elec-
trodes over traditional insulating thin-film covered electrodes is their insensi-
tivity to composite layer thickness and composition of the film [67,71,72]. Com-
pared to oxide film-coated electrode materials, composite electrodes are found
to have a more stable and reproducible HECL output in a wider pH range, and
most importantly, without considerable background emission [72,73].

5.3 Applications of HECL in bioaffinity assays

HECL can be utilized in bioaffinity assays, e.g. in immunoassays. Immunoas-
says are based on strong binding between substances capable of stimulating an
immune response (antigens) and proteins produced by the immunosystem in
the response to antigens (antibodies).
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In Figure 4, the principle of immunometric electrochemiluminoimmunoassays
(ECLIA) is described. Capture antibodies are first physically attached to the in-
sulating material of the working electrode. Then a sample solution, containing
labelled antibodies and analyte, is dispensed on the electrode. The sandwich
structure is formed when labeled antibody bounds to antigen, which is already
bound to capture antibody. The unbound labelled antibodies are washed away
so that the measured HECL intensity is directly proportional to the amount of
the analyte. Insulating film on the electrode surface works both as a solid sub-
strate to immobilize the capture antibodies, and as the source of hot electrons
capable of inducing the reactions needed for the excitation of the label lumino-
phores.
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Figure 4. The principle of an electrochemiluminoimmunoassays. (Publication 3)

Tb(III) chelates have earlier been used as the main label in bioaffinity assays of
C-reactive protein [20,72,74,75], B.-microglobulin [76] and human thyroid
stimulating hormone [26,77,78], since they have relatively long luminescence
lifetime, which enables time-resolved detection and thus the use of electrode
materials generating relatively high background emission. However, when the
electrode material is not producing high background emission during cathodic
pulses, the use of low-cost luminophores with short luminescence lifetime, such
as fluorescein isothiocyanate, opens up the possibilities to develop relatively in-
expensive immunoassay protocols (Publication 4).

C-reactive protein (CRP) is a good point-of-care (POC) model analyte to demon-
strate the feasibility of new electrodes and label materials in ECLIA, since it is
regarded as an early indicator of infectious or inflammatory conditions, and as
a universal biomarker for numerous diseases and disorders [79,80]. (Publica-
tion 3, 4)
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6. Experimental

6.1 Photoluminescence studies

6.1.1 Fibrillar cellulose films and cardboard samples

Fibrillar cellulose samples used in this study were chosen to represent different
fiber lengths and fibrillation methods. Samples were produced with a rapid
method for production of fibrillar cellulose films [81]. Elemental chlorine free
(ECF) bleached birch kraft pulp was chosen as the reference for birch cellulose
(BP). Microfibrillar (MFC) and nanofibrillar celluloses (NFC) were prepared
from the same bleached birch kraft pulp. For the first microfibrillar grade (MFC-
1), the kraft pulp was first pre-refined to Schopper Riegler value 35 and then
processed with MKZA10-15J Masuko grinder [82,83] for 4 passes. The second
microfibrillar grade (MFC-2) was produced using a Microfluidics M-110P fluid-
izer with ten passes (200 pm and 100 pm chambers) without pretreatments
[84—86]. And the NFC grade was prepared using TEMPO-oxidation and disin-
tegration [87—89]. The oxidation step utilized chlorine dioxide (ClO.) to activate
the catalyst, and hypochlorite (OCI-) to convert aldehydes to carboxylates. Films
with target grammages of 40 g m™2 were produced from each cellulose grade.

Baseboard with one layer of coating (BB), and higher quality paperboard, with
two coating layers (SB) (Metsa Board Oyj, Espoo, Finland), were chosen to rep-
resent different types of cardboard materials.

6.1.2 Measurements of cellulose and cardboard samples

(Publication 1)

Small pieces (1.5 cm x 2.5 cm) of the different grades of cellulose films and card-
board samples were studied with a PerkinElmer LS50B luminescence spectrom-
eter equipped with PerkinElmer front surface accessory 5212-3130. The sample
was placed in a front-face set-up and the surface was at an angle of 35° with
respect to the excitation beam. The irradiated area was 10 mm x 3 mm.

Emission and excitation spectra, for determining emission maxima and stand-

ard deviations, were calculated from eight measurements made at different
spots of the same sample from both sides. For each spot, 20 data points were
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measured (around maxima, with intervals of 0.5 nm) which were then averaged.
Average wavelengths and intensities at the maxima and their standard devia-
tions were calculated from this data. Luminescence lifetimes were measured
from only one sample spot, but the intensities at different delay times were also
averaged from the 20 data points. Excitation wavelength used in the measure-
ments was 286 nm. Emission wavelengths were set to 422 nm for fluorescence
and 488 nm for phosphorescence excitation measurements. Emission slit (Alem)
was 20 nm wide and excitation slit (Akex) 15 nm wide. Emission filter 390 nm
(long-pass) was used in the phosphorescence measurements.

The delay time (T4) in phosphorescence measurements was 0.5 ms and in life-
time measurements from 0.1 ms up to 200 ms, and the gate interval (Tg) was 2
ms. Emission spectra in fluorescence and phosphorescence modes with differ-
ent excitation wavelengths (240 nm to 400 nm) were measured under the same
conditions as above.

Absorbance spectra (transmission light loss spectra) were measured with an Ag-
ilent 8453 UV-visible Spectroscopy System, with a deuterium-discharge lamp
for the ultraviolet and a tungsten lamp for the visible wavelength range.

Atomic force microscopy-imaging was performed with Digital Instruments Na-
noScope Scanning Probe Microscope. Imaging was carried out in air, using a
needle manufactured by Bruker. The frequency was 50—90 kHz, spring constant
was 0.4 Nm™ and scan rate was 0.977 Hz. Measurement software was
ScanAsyst. Surface roughness of the scanned area was measured according to
ISO 4287/1.

6.1.3 Measurements of anti-counterfeit markers

Markers were added on the cardboard samples analogous to AC markings on
actual product packages. All the studied markers were unobtrusive and colour-
less in room light.

Luminescence topography map with luminescence spectrometer

The first series of measurements were made with the same PerkinElmer LS50B
luminescence spectrometer as used in the measurements with cellulose sam-
ples. First a 100 pl volume of the marker stock solution containing 3-105 mol 1
Fluorescein (Sigma-Aldrich) in water was added to a round area (1,77 cm?) on
the surface of the SB sample and allowed to dry. Emission spectra and standard
curves were measured. Excitation wavelength (Aexc) was 375 nm, emission wave-
length (Aem) was from 400 to 600 nm, emission slit (Ajem) was 5 nm and excita-
tion slit (Ajexc) was 10 nm. Similarly, 105 mol 1'* Terbium chelate (Tb(III)-L1)
solution (ligand: 4-(3-aminobenzyl)-2,6-bis[N,N-bis(carboxymethyl)aminome-
thyl]phenol) was added on the surface of the SB and the luminescence was
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measured using the parameters: Aexe=293 nm, Aem=400-650 nm, AAen=20 nm,
Ahexe=15 nm. Tg=2.0 ms, Tq=0.2 ms.

Next, the marker stock solutions of 10-4 mol 1* Tb(III)L1 and 10-4 mol I fluores-
cein in water were mixed together (1:1) and added on the surface of a BB sample
and allowed to dry. A luminescence topography map (LTM) was measured using
the parameters: Aexe=375 NM, Aem=450-600 NM, AAem=20 nm, Ale=15 nm,
Tg=2.0 ms, T¢=0.1-5 ms. In LTMs, the emission intensity as a function of emis-
sion wavelength and emission delay time was collected in the same database
and expressed in a graphical form.

Luminescence topography map with charge-coupled device

Next, Andor Technology DV465C-FI electron multiplying charge-coupled de-
vice (EMCCD) detector attached to an Oriel Instruments MS125 (model 77400)
spectrograph, equipped with a 100 pm slit and 300 mm=, 500 nm blaze angle
grating, was used to measure LTM. Commercially available phosphorous inks
from GloNation (Kentucky, USA) were used as markers. Neutral Orange glow
powder and neutral Dark Blue glow powder were made to a 10 m-% water stock
solution. This mixture was added on the surface of a BB sample and allowed to
dry. A Nightsearcher UV LED flashlight (365 nm, 5W) was used as the excitation
source, and switched off just before the measurement. Exposure time (tex) was
2 s and the number of kinetic cycles 200. The EMCCD was cooled to -63°C and
the image was horizontally binned to obtain one-dimensional spectra of 560
pixels.

Luminescence topography map with smartphone camera

The third series of measurements were made to demonstrate the possibility of
using smartphones in measuring RGB-based LTM. Super Glow Paint GloNation
(Kentucky, USA) Blue, Green, Aqua, Dark Blue and White dyes were added on
the surfaces of a BB sample and allowed to dry. The luminescence decay was
measured by taking a series of photographs with Nokia Lumia 1020 smartphone
at time intervals of 60 s. Nightsearcher UV LED flashlight (A=365 nm, 5W) was
used again for the excitation, and switched off just before the measurement. The
RGB values and Brightnesses (in HSV system) were analysed using ImageJ Fiji
software [90].

Product authentication technology with smartphones

The stock solutions were prepared from Neutral Orange glow powder (R) from
GloNation (Kentucky, USA) and Green (G) and Blue (B) pigments from Lumi-
Nova® (NEMOTO CO. LTD, Tokyo, Japan). Each of the pigments was mixed
with a transparent PVOH carrier to form stock solutions having 1 g of Red (O),
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green (G) or blue (B) pigments in 10 ml of 25 m-% PVOH solution in H,O. Eight
unique taggants and their replicates, were created using these stock solutions as
described in Table 1. The numbers in the table indicate how many times 50 pl of
each stock solution was added to the BB cardboard surface.

Table 1. The numbers indicate how many times 50 pl of each stock solution was added to the
cardboard surface.

Marker Red (R) | Green (G) | Blue (B)

B - - 1
R 1]- -

13BR 3|- 1
13GR 3 1]-

13BG - 3 1
24BR 4]- 2
24GR 4 2|-

24BG - 4 2

The markers were captured using Samsung S4 (version 4.4.2) and Lumia 1020
(version WP8.1) smartphones. The description of the measuring arrangement
is shown in the Figure 5. The height of the camera module (extension) was ad-
justed accordingly to ensure that no image blur would be introduced, and the
minimum focus distances of the S4 and the 1020 were determined to be around
100 mm and 150 mm, respectively. A light source (Yongnuo YN565EX external
camera flash) was used to produce full-spectrum white light sufficient for the
photoexcitation, and controlled by microcontroller/smartphone. The power and
zoom level of the flash were set to 1/32 and 24 mm, respectively.

Torch light

-- MFD

Light source

Figure 5. The camera module consists of an external light source, a Light-Dependent Resistor
(LDR), and a microcontroller encased in cardboard. [91]
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Six different capture presettings for the Samsung S4 (Android) and three differ-
ent capture presettings for the Lumia 1020 (Windows Phone) were created. The
presettings define a set of camera configuration parameters to be used for the
fingerprint capture. All of the 16 markers (Figure 6) were captured with each of
the presettings, resulting in a corpus of 144 fingerprints.

24BR 24BG

Windows Phone

Figure 6. Captured marker samples with replicates a and b for both the Samsung S4 (top two
rows) and the Lumia 1020 (bottom two rows). The brightness and contrast of markers has been
increased for demonstration purposes.

In the peak finding process, each frame first went through a colour space con-
version, where the pixel data was converted from the native YCbCr format to
RGB, and then to HSV. The analysis algorithm utilizes the OpenCV
(http://opencv.org/) open source computer vision library (version 2.4.9) for
most of its computations. The parameters and algorithms are described more in
detail elsewhere [91].

6.2 HECL studies

6.2.1 Preparation of the electrodes

Spin-coated polystyrene-graphite electrodes (Publication 2)

Polystyrene (PS, SKU 441147) was dissolved overnight in analytical grade chlo-
roform at 50 g I* concentration. Graphite (G) flakes were then added in various
weight ratios and the resulting solutions were mixed at 13 000 RPM (T-10 ho-
mogenizer, IKA) for one hour to ensure homogenous, aggregate-free dispersion.
Freshly dispersed suspensions were spin-coated onto 0.05 mm thick brass sub-
strates (15 mm in diameter). Spin-coating deposition was performed in normal
room atmosphere at 3500 RPM for 60 s.
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Spin-coated cellulose derivative-carbon black electrodes (Publication 3)

Cellulose acetate propionate (CAP, SKU 340642), Cellulose acetate butyrate
(CAB, SKU 419052) and ethyl cellulose (EC, SKU 247499) were purchased from
Sigma-Aldrich, and carbon black (CB, Vulcan XC72) from Cabot. CAP and CAB
solutions were made in acetone and EC solution in toluene. The solutions were
mixed with Cole-Parmer ultrasonic homogenizer (amplitude 20%, 500 W, 20
kHz). For spin-coating of the composite electrodes, the combined mass concen-
tration of cellulose (CAP, CAB or EC) and CB was kept at 50 g 1-* in all of the
abovementioned cases. Cellulose materials and carbon black were mixed in var-
ious weight ratios. Also cellulose derivatives without CB were tested as insulat-
ing layers. Because of the high viscosity, the EC-solution’s mass concentration
was 5 g 1%, whereas that of cellulose ester solutions were 25 g 1-* for the cellulose-
only spin-coating solutions. Cellulose layers were spin-coated onto steel (2= 15
mm) substrate in normal laboratory atmosphere. Flat aluminum sheets (Merck
Art.101057, batch 721 K4164557, 99.9% pure) were used as a reference material
without any pretreatments. Spin-coating was carried out using a WS-650MZ-
23NPPB spin-coater (Laurell Technologies Corporation).

The EC-CB and CAP-CB films were characterized by scanning electron micro-
scope (SEM, Zeiss Sigma VP) at 1 kV and by atomic force microscopy (AFM,
Veeco Dimension 3100) in tapping mode.

Screen-printed composite electrodes

The composite solution mixtures were prepared using PS (SKU 441147) and EC
(SKU 247499) purchased from Sigma-Aldrich, and CB (Vulcan XC72) from
Cabot. Polystyrene and ethyl cellulose-carbon black solutions were made in ben-
zyl alcohol (Acros Organics) as its volatility properties are suitable for screen-
printing. The total mass concentration for PS-CB was 270 g 1, where the
amount of carbon black was 40%, and for EC-CB the values were 150 g 1* and
30%, respectively. The mass ratios of these solutions were chosen based on the
needed viscosity for screen-printing. The solutions were mixed with Cole-Par-
mer ultrasonic homogenizer (amplitude 20%, 500 W, 20 kHz).

Two types of electrode geometries were studied and tested in printed cell chips.
The first type were round-shaped electrodes (RS electrodes), and the second
were line/finger type of electrodes (LF electrodes) in which working and counter
electrode lines were adjacent through the whole cell area. The schematic pic-
tures of the electrodes are presented in Figure 7. The composite film served as
the working electrode, and a silver film as the counter electrode, with a hydro-
phobic ring for sample confinement.

First, a layer of silver (Asahi silver ink) was screen-printed on the polymer sub-

strate (Valox FR1 film). Then the electrode sheet was annealed at 140 °C for 30
minutes. The first layer included the design of the counter electrode and also
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provided electrical contact for the composite ink layer. Next, one composite
layer was screen-printed using the respective mask, and the electrodes were
cured at 120 °C for 30 minutes. Further, a second composite layer was then
screen-printed on top of the first layer to ensure full coverage of the underlying
contact silver (Ag) layer, and then again cured at 120 °C for 30 minutes. Finally
the hydrophobic (HP) ring was screen-printed using a dielectric paste
(D2070423P5, Gwent Electronic Materials Ltd.). The net hole size was 60 um
and the thickness of wires was 45 um (UX90-45; 230 wires/inch).

Figure 7. Schematic diagram of the screen-printed electrode chips RS (left) and LF electrodes
(right). Anode was screen-printed with Ag ink (grey), cathode with EC-CB or PS-CB paste (black)
on top of the Ag layer on working electrode areas and hydrophobic ring printed from dielectric
paste (blue). Dimensions are given in mm. The cathode area (radius = 3.4 mm) of the RS is 46
% of the sample area (r = 5 mm) and in LF electrode it is 40 %. (Publication 4)

The EC-CB and PS-CB films were analysed by scanning electron microscope
(SEM, Zeiss Sigma VP) at 1 kV in Aalto University Nanomicroscopy Center
(Aalto-NMC) premises, and by atomic force microscopy (AFM, Veeco Dimen-
sion 3100) in tapping mode in Aalto NanoFab (Micronova).

Step height measurements of each layer on both EC and PS composite elec-
trodes were analysed using Bruker Dekatak XTL stylus profiler at Micronova,
Aalto University. Further topographical analysis of the surface was studied us-
ing optical profiler (Filmetrics Profilm 3D, Micronova, Aalto University).

6.2.2 HECL measurements

The HECL measurements with spin-coated composite electrodes or aluminium
electrodes were made in a cylindrical Teflon cell (¢ =5.0 mm), equipped with
platinum wire counter electrode. The cell was screwed in contact with the elec-
trode so that the distance between the electrodes was approximately 1 mm. In
screen-printed electrodes, the working electrode, counter electrode and the
sample confinement region were all integrated in the same chip.

The excitation pulses were generated with an in-laboratory-built coulostatic
pulse generator [20] or with a simple DC voltage supply. The constant charge
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voltage, rate and electrical charge of the pulses are described in detail in Publi-
cations 2-4. A photomultiplier tube module (PerkinElmer MH1993, 1364-H-
064) was used for the optical detection. The same (550 + 20 nm) optical filter
was used for Tb(III) chelates and fluorescein. With fluorescein, the slightly off-
centered 550 nm optical filter allowed larger flux of photons to enter the photo-
multiplier tube than our 515 + 10 nm filter and was therefore used in the meas-
urements. Two channel gated SR400 photon counter with a DC-300 MHz am-
plifier (both from Stanford Research System) was connected to the photomulti-
plier along with a Nucleus MCS-1I multiscale card. HECL emission spectra were
also measured with Andor Technology DV465C-FI electron multiplying charge-
coupled device (EMCCD) attached to an Oriel Instruments MS125 (model
77400) spectrograph.

Long exposure time photographs of HECL were taken in a completely dark room
with Canon EOS 7D digital camera equipped with Canon EF 10ommf/2.8 L
Macro IS USM lens. The camera and coulostatic pulse generator were turned on
simultaneously. (Publications 2 and 4)

Tb(III) chelate Th(III)-L2 (Publication 2) where the ligand was 4-(Phenyl-
ethyl)(1-hydroxybenzene)-[2,6-pyridinediylbis(methylene nitrilo)]tetrakis(ace-
tic acid) and Tb(III)-L3 (Publications 3 and 4) where the ligand was 4-(Isothio-
syanatophenylethyl) (1-hydroxybenzene)-2,6-diyl)bis-(methyleneni-
trilo)tetrakis(acetic acid) were obtained from Turku University. Ru(bpy)s>* and
Fluorescein were obtained from Sigma-Aldrich. (Publication 3) All the HECL
measurements were carried out in 0.05 M Na.B,0, buffer, at pH 9.2 with 0.1 M
Na.SO, as the supporting electrolyte.

6.2.3 Immunoassays

The working electrode was coated with primary anti-human CRP antibodies
(anti-hCRP clone 6405, Medix Biochemica) via physical adsorption by dispens-
ing 50 pl of 5 ug ml— coating solution containing 50 mM Trizma base, 0.9%
NaCl and 0.05% NaN; (pH 7.7). The coating reaction was carried out overnight
(> 12h). After the coating process, the electrodes were carefully dried with tissue
paper. 50 pl of a saturation solution containing 6% D sorbitol and 0.1% bovine
serum albumin in TSA buffer (50 mM Tris, 0.05% NaNj, 0.9% NaCl, pH 7.7)
was dispensed on the electrode surface. Following the saturation phase (3 h),
the electrodes were dried and washed three times with 100 pl of 0.05 M
Na.B,0,, 0.01 M NaNj, 0.1 M Na,SO, solution, whose pH was adjusted to 7.9
using H,SO,. The heterogeneous immunoassays at electrodes coated with the
primary antibodies were prepared by adding a mixture of human CRP (Scripps)
and FITC (Publication 4) or Tb(IIT)-L4 (Publications 3 and 4), where the ligand
was 1 (p-isothiocyanatobenzyl)-diethylenetriamine N*,N*, N2 N3 N3-pentaacetic
acid (AD0029, PerkinElmer), with labeled secondary antibodies (anti-hCRP
clone 6404, Medix Biochemica) diluted in DELFIA assay buffer (PerkinElmer).
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The labeling of secondary antibodies was performed overnight at room temper-
ature with a seventyfold excess of FITC or the Tb(III)-L4 chelate in 0.5 M so-
dium carbonate at pH 9, and the excess labels were removed via gel filtration
(NAP-10 column containing Sephadex G-25, Pharmacia) with similar TSA
buffer as above. Buffer exchanges were done with NAP-5 column containing Se-
phadex G-25 (Pharmacia). hCRP samples were made by diluting the stock solu-
tion of hCRP solution with TSA buffer containing 0.5% BSA, 3.5 mM CaCl,,
0.05% bovine y-globulin and 0.01% Tween 20 (pH 7.7). 15 ul of labeled antibody
solution was dispersed evenly over the electrode surface. The electrodes were
then washed similarly as in coating and saturating phases. The amount of FITC
or Th(III)-L4 labelled secondary antibodies was 100 ng per electrode. All satu-
ration and coating procedures were carried out in a closed humidor that had
aqueous azide solution at the bottom to provide necessary vapour pressure.
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7. Results and Discussion

7.1 Photoluminescence studies

The goal of these photoluminescence studies was to find a cellulose based ma-
terial with as low as possible background luminescence, so that it could be used
as a substrate for anticounterfeit luminescent markers displaying low lumines-
cence intensities. Materials with background luminescence caused by wood con-
stituents or even optical brightening agents can be used as substrates if their
luminescence does not interfere with the measurement. The background lumi-
nescence of fibrillary cellulose films, birch pulp films, recycled plain carton and
higher quality paperboard, as well as different marking strategies with selected
luminophores and substrate materials, and possible authentication methods
were studied in this work.

7.1.1  Phosphorescence and fluorescence of cellulose materials

The most interesting material for low background luminescence applications
was found to be TEMPO oxidated NFC, which has more careful fibrillation pro-
cess, and therefore less potential luminescent wood constituents, such as hem-
icellulose, proteins, pectin and lignin, compared to other studied microfibrillar
cellulose types (MFC-1, MFC-2).

The photoluminescence properties of fibrillary cellulose samples were com-
pared to that of BP (Publication 1). Baseboard with one layer of coating, and
higher quality paperboard, with two coating layers, were also studied to gain
information about the possible similarities with photoluminescence of the fi-
brillary samples, and to examine the background luminescence of these poten-
tial substrate materials.

Absorbance spectra of the studied materials were first measured and only NFC
had a clear absorption maximum (at 250 nm), while possible maxima of the
other fibrillary cellulose samples were covered in high transmission light losses
caused by light scattering. In addition to NFC being the most translucent and
having finer fibers compared to other samples, it probably has functional groups
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formed during the oxidation and fibrillation processes, such as carboxylates,
which absorb light. (Publication 1)

Information about the luminescence excitation maxima is needed when the pos-
sible emitting groups are investigated, and when luminescent markers are
added to the substrate, so that unwanted background luminescence can be min-
imised by choosing suitable excitation conditions. Examples of each sample
type’s fluorescence and phosphorescence emission and excitation spectra are
presented in Figure 8.
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Figure 8. Fluorescence excitation (Aem=422 nm) and emission (Aexc=286 nm) spectra, AAem=20
nm, AAexc=15 nm (left). Phosphorescence excitation (Aem=488 nm) and emission (Aexc=286 nm)
spectra, AAem=20 nm, AAexc=15 nm, Tg=2.0 ms, T4=0.5 ms (right). ®: MFC-1, m: MFC-2, 4: BP,
v: NFC (Publication 1), €: SB, ® : BB.

All the studied materials had observable fluorescence and phosphorescence
emission as can be seen from Figure 8. Fluorescence excitation maxima for BP,
MFC-2 and MFC-1 were situated at around 260 nm. NFC, BB and SB had exci-
tation maxima at 286.5 nm, 282 nm and 285 nm, respectively, which were close
to the used excitation wavelength of 286 nm. NFC intensity did not increase
after 300 nm as strongly as with other samples. The difference in excitation
spectra of NFC sample again indicates that there are different types of emission
centres present in comparison to those of the other samples.

The maximum luminescence intensities and the wavelengths at maximum in-
tensities are presented in Table 2. The averages of the intensities and wave-
lengths of fibrillar celluloses and BP were calculated from eight replicate meas-
urements (Publication 1), while the information of SB and BB are from the data
represented in Figure 8.
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Table 2. Wavelength and standard deviation (n=8) at average max intensity (nm), and average
intensity (a.u.) and standard deviation (n=8) of wavelength at max intensity (a.u.), Aex.=293 nm.

Luminescence MFC-1 MFC-2 BP NFC BB SB

Wavelength at max.
fluor. intensity (nm). 42215 424 +1.1 424+ 11 421 +0.7 429 435

Average fluorescence
intensity (AU) 80 +43 149 + 104 43 +£12 45 + 31 310 580

Wavelength at max.
phosp. intensity (nm), 488 +£2.9 491+25 486 + 2.6 495 + 3.4 460 443

Average phosphores-
cence intensity (AU) 1.5+0.6 24+13 0.9+0.2 0.1+0.05 0.4 0.2

Emission maxima shown in Table 2 were in agreement with the values found in
literature. Cellulose has been found to have a broad fluorescence emission max-
imum around 420—460 nm [49], and phosphorescence emission maximum at
495 nm [50]. NFC fluorescence emission maxima was at shorter wavelengths
and phosphorescence maxima was at longer wavelengths, compared to other
fibrillary cellulose samples. The fluorescence maxima of cardboard samples
were also at longer wavelengths compared to cellulose samples, which is ex-
pected since the main source of fluorescence in SB samples is from optical
brightening agents (OBA) (maxima at around 440 nm [92]), whereas the BB-
sample’s emission is probably from a mixture of cellulose materials and OBA’s
emission.

The phosphorescence emission intensities of MFC-1, MFC-2 and BP samples
were of the same order of magnitude as their fluorescence emission intensities.
However, NFC, SB and BB phosphorescence emission intensities were de-
creased notably, which indicates that the optical brightening agents used in the
cardboard samples, and changes induced in NFCs by TEMPO oxidation, favor
fluorescence over phosphorescence. The fluorescence intensity of all fibrillary
samples compared to BP were relatively high. The intensity of BP could have
been expected to be higher due to possible traces of e.g. lignin. However, this is
in agreement with the studies claiming lignin to be an insignificant source of
luminescence in cellulose samples [49].

TEMPO-oxidation is known to add carboxyl content [87], and the presence of
carboxylic groups in the anhydroglucose units has been found to shift the emis-
sion maxima to shorter wavelengths (blue-shift) and simultaneously increase
their fluorescence intensity [93]. In this study, the emission intensity from NFC
was not especially high, but the emission maximum was notably shifted to
shorter wavelengths compared to that of the other grades, which again points
out the NFC differences compared to other materials.
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The high standard deviation of the intensities is indicative of the heterogeneity
of the samples. This might be due to aggregates formed while producing a film.
Especially, TEMPO-oxidized particles are known to have a tendency to form ag-
gregates with significantly larger size, which might have an effect on the lumi-
nescence.

7.1.2 Multiple luminescence centres in cellulose

The possibility of cellulose having multiple luminescence centres has been
known for a long time. Gavrilov and Ermolenko, who studied photolumines-
cence of cellulose with different excitation wavelengths, found three emission
maxima in the regions of 370, 430-470 and 505-510 nm. They suggested that
this was due to the cellulose having three different types of emission centres.
[94] This was investigated in the current work by measuring the fluorescence
and phosphorescence emission spectra with altered excitation wavelengths, and
the luminescence lifetimes of the cellulose samples (Figure 9).
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Figure 9. Phosphorescence decay curve of MFC-2 (Aexc=286 nm), (Aem=480-490 nm, average of
intensity). AAem=20 Nm, Alexc=15 nm, Tg=2.0 ms, T4=0.1-140 ms. Inset: Phosphorescence emis-
sion spectra of MFC-2 with excitation at ®: 240 nm, ® : 280 nm, 4 : 320 nm, ¥ : 360 nm. 4: 400
nm. AAem=20 nm, Alexc=15 nm, Tg=2.0 ms, T4=0.5 ms. (Publication 1)

The presence of multiple emission maxima and the multi-exponential phospho-
rescence decay confirms that there are several luminescence centres in the stud-
ied cellulose types. Especially in MFC-2 spectra, it is evident that the emission
maximum changes from 466 nm to 530 nm when the excitation wavelength is
altered from 240 to 400 nm. NFC seems to behave in the same way as MFC-2
but the emission intensity was so low that the noise makes interpretation of the
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spectra less certain. At 610 nm (Aee=400 nm) there was one observable differ-
ence in NFC compared to MFC-2 which could indicate different emissive
groups. (Publication 1)

In fluorescence spectra, the scattered excitation light is in the same wavelength
region as the emission maximum, which makes interpretation of spectra more
difficult. Emission maximum of all the samples were centred around 425 nm,
however in NFC there appears to be a new emission maximum at 445 nm
(Aexe=320 nm) and at 480 nm (Aexe=360 nm). (Publication 1)

Typical cellulose processing conditions (e.g. hot alkali) can induce the formation
of small amounts of aromatic structures from reducing end groups or hemicel-
luloses [95]. Many of the structures identified in these studies are quinones
[48]. Most of the primary chromophores belong to hydroxy-[1,4]-benzoqui-
nones, hydroxy-[1,4]-naphthoquinones (HNQ), and hydroxyacetophenones
[906—99]. The emission behaviours of MFC-2 and NFC samples were similar to
those found for HNQ solution in cyclohexane, which emits at 400-500 nm and
around 600 nm (Aexe=265 nm), 400-500 nm (Aex=380 nm) and 550-700 nm
(Aexe=460 nm) [100]. However according to Zwirchmayr et al., oxidatively dam-
aged cellulose chains produce HNQs [101], so higher emission intensity could
be expected in the spectra of NFC, if the source of emission is HNQ. However,
this was not observed (Figure 8), and the subject needs further studies in order
to determine the exact origin of cellulose luminescence.

With cardboard samples, some changes in the emission wavelength and emis-
sion intensity as a function of the excitation wavelength were observed, how-
ever, these changes were more subtle compared to cellulose samples. The
strongest fluorescence emission was observed with excitation wavelength at 375
nm, and the highest phosphorescence emission was with excitation wavelength
at around 285 nm, similar to cellulose samples.

Luminescence decay curves of the MFC-2 (Figure 9), MFC-1 and BP were fitted
to five separate lifetime components, which is equivalent to five independent
decay processes, and NFC luminescence decay was fitted to four separate life-
times (Table 3) (Publication 1). The lifetimes were fitted between selected delay
times to make the comparison of the decay processes of these materials easier.
The luminescent lifetimes of SB and BB were not measured, however when the
decrease of luminescence intensity of all the sample types at delays of 0.1 and
10 ms were compared, the intensity of MFC-1, MFC-2, BP and BB decreased to
35-40 %, NFC to 10 % and SB to 1 %, which again indicates differences between
the luminescent groups of these samples. Especially, OBA in SB favours fluores-
cence over phosphorescence, which is important to know when luminescent
markers are added on cardboard.
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Table 3. Luminescence lifetimes (1) of BP, MFC-1, MFC-2 and NFC samples (Aexc=286 nm),
(Aem=480-490 nm, average of intensity). (Publication 1)

TMFC-2 | TMFC-1 tBP TtNFC
Delay (ms) (ms) (ms) (ms) (ms)
0.12-0.74 24 31 24 1.2
0.9-2.8 6.8 7.9 7.8 6.2
3.6-14.0 20.1 214 204 28.1
18.0-52.0 46.9 47.8 544 45.0
58.0-140 239.2 227.8 361.0

Luminescence lifetimes show that BP had slower and NFC had faster decay than
in other cellulose samples. NFC not only had lower phosphorescence intensity
but its phosphorescence also seems to decay faster than that of other grades.
One possible source for the observed luminescence has been suggested to be the
transition metals left on the cellulose samples after normal preparation proce-
dures [53]. The luminescence lifetime of Mn(II) emission, occurring at a wave-
length range of 490 to 750 nm, is typically in the millisecond range [102], which
is similar to the values obtained in the present study.

Although all the above mentioned functional groups, possible sources of con-
tamination, as well as the formations of new luminescent structures during the
pulping processes, have an influence on the luminescence of different celluloses,
the effects of physical properties of cellulose have attracted interest in recent
years. Crystallization is known to lock and rigidify the molecular structure, and
together with the isolation from the quenchers, it has been found to boost the
phosphorescence emission of pure organic luminogens [103,104] such as cellu-
lose. Clustering of the chromophores with st and lone paired n electrons and
subsequent overlapping of the electron cloud have also been stated to be respon-
sible for the luminescence emission. [105] Aggregation-induced emission oc-
curs in some polymers when aggregation restricts the intramolecular rotations,
blocking the non-radiative pathway and opening up the radiative channel. [106]
These findings are part of the growing interest towards nonconventional lu-
minogens, free of aromatic groups, producing room temperature phosphores-
cence. The phenomenon has been attributed to multiple different polymer ma-
terials, not only for cellulose, which suggests that the origin of luminescence, or
at least strongly enhancing effect on luminescence, might be in the physical and
not just the chemical structures.

The results obtained with the fibrillary cellulose films studied in this work can-
not be directly generalized to other fibrillary cellulose materials since the main
goal of the fabrication technique here was to be rapid, and not to produce as
pure and repeatable films as possible. However, the fluorescence and phospho-
rescence emission and lifetime measurements are clearly useful tools not only
for the study of luminescent groups in cellulose, but also in quality control of
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the film homogenity, and in understanding effects of the different pulping con-
ditions.

It is clear that cellulose luminescence emission does exist, and that there are
differences in luminescence properties of the studied cellulose and cardboard
samples. The actual origin of cellulose luminescence is far from unambiguous.
Various chemical characteristics e.g. hydroxynaphthoquinones, metal ions
forming complexes, and possible luminescence quenching and enhancing func-
tional groups such as carboxyl and carbonyl groups, as well as the physical char-
acteristics such as crystallinity, should be taken into consideration when the lu-
minescence properties are studied. The effect of chemicals used in the oxidation
should also be studied carefully, especially when the fibrillated cellulose films
are desired to be used in luminescence applications.

7.1.3 Cellulose materials as substrates for anticounterfeit markings

For anticounterfeit markings, luminophore solutions were dried on SB and BB
substrates to simulate the printing of labels on e.g. pharmaceutical packages.
The emission spectrum and blank-corrected calibration curve for fluorescein,
on the surface of SB cardboard, are represented in Figure 10.
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Figure 10. Emission spectrum of fluorescein 1.7 nmol cm2 (=3-10-5 mol I solution) on the surface
of SB cardboard displaying strong background luminescence. Inset: Calibration curve. Average
emission intensity at Aem=520-522 nm. Aexc=375 nm, AAem=5 nm, AAexc=10 nm. Linear area 5.65
pmol cm? — 5.65 nmol cm2.

As can be seen from Figure 10, the emission of fluorescein at relatively low con-
centration levels was only weakly observable due to the strong background
emission from the cardboard substrate. An excitation wavelength of 375 nm was
used to enable emission from both fluorescein and OBA, so that the emission of
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fluorescein would not be noticeable with the naked eye under typical hand-held
UV-lamps. However, the calibration curve for fluorescein was linear over three
orders of magnitude of concentration. With BB as a substrate, background lu-
minescence would have been lower and linear area could have been wider. How-
ever, this is a more realistic situation when real product packages are used.

Emission spectrum and calibration curve of Th(III)-L1 were similarly measured
but in time-resolved mode (Figure 11).
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Figure 11. Phosphorescence emission spectrum, 5.65 nmol cm2 (=10 mol I'* solution) Th(lll)-L1
on SB cardboard. Aexc=293 nm, AAem=20 nm, Alexc=15 nm. Tg=2.0 ms, T¢=0.2 ms. Inset: Calibra-
tion curve Tb(lll)-L1 on SB cardboard, Aexc=293 nm, Aem=542.5 nm, Tq=2.0 ms, T4=0.2 ms,
AAem=20 nm: Alexc=15 nm. Linear area 16.9 pmol cm2 — 56.5 nmol cm-2.

As discussed earlier, SB does not show long-lived luminescence. This can also
be seen from the phosphorescence spectrum (Figure 11) where the emission of
optical brightening agents is not significantly observable. This is important in
the interest of packaging design, because product packages can keep their at-
tractive appearance obtained with optical brightening agents. Calibration curve
was linear over almost four orders of magnitude. These results are promising
for authentication markings on real product packages.

7.1.4 Authentication based on luminescence topography maps

Almost any kind of unique fingerprint can be used for authentication if the
measurement data can be processed and analysed reliably and easily enough. In
our luminescence topography maps (LTM), emission intensity as a function of
emission wavelength and delay time is collected in one dataset and saved into
the database. Measurement of full spectra with a large number of delay times is
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not necessary for the recognition. It is sufficient to measure emission intensities
with the most characteristic wavelengths and delay times, and compare these to
the database.

Multiple combinations of different organic luminophores, lanthanide chelates
and inorganic phosphors were studied and some examples are presented below.
First, a mixture of fluorescein and Tb(III)-L1 markers were measured with la-
boratory level equipment to represent high security level authentication
method. Then commercially available PLP inks were measured with CCD cam-
era attached to a spectrograph. Finally, luminescence emissions of commer-
cially available phosphors were detected with a smartphone camera to represent
an authentication method for the end-users.

Figure 12 shows a luminescence map where a 1:1 mixture of fluorescein and
Tb(III)-L1 has been dried on BB substrate.
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Figure 12. LTM of Fluorescein and Tb(ll)-L1 1:1 mixture. Aexc=375 nm, Aem=450-650 nm, AAem=20
nm, AAexc=15 nm, t3=2.0 ms, t4=0.1-5 ms. Measured with PerkinElmer luminescence spectrome-
ter.

As seen from the Figure 12, at the delay time of 0.03 ms, fluorescein’s emission
(max around 521 nm) and the fluorescence of optical brightening agents (high-
est at 450 nm) are still strong due to the tail of the excitation flash lamp, and
Tb(III) chelate’s emission is summed with these emissions. After the fluores-
cence emission has decayed, the terbium emission (at around 490 nm, 545 nm,
583 nm and 622 nm) is observable, and after Tb(III) chelate emission has de-
cayed, the long lifetime phosphorescence of cardboard is observed. The lumi-
nescence of the substrate can also be used as part of a fingerprint, and as an
inner standard, comparable to other parts of the package.
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This kind of complex data should be analysed and compared to a database with
a software developed for this purpose. Heavy data processing can be avoided if
only selected parts of the data are used to calculate a value, which can be com-
pared to a corresponding value in a database. A simplified example of this is
represented in Table 4. When intensities at chosen wavelengths (450 nm, 460
nm, 521 nm and 545 nm), are compared at delay times of t;=0.01 and t.=4.0 ms,
the characteristic decay relation (ra: I./I2) can be calculated. When decay rela-
tions at 450 nm and 460 nm are compared, the ratio (r:: rassonm/Tds60nm) gives
information also about the background intensity. At selected 4 ms delay time,
short-lived luminescence from the marker luminophores has been decayed and
long-lived emission from BB is observed. Based on the results discussed in chap-
ter 7.1.2, BB can be expected to have emission still after tenths of milliseconds.
However, when selecting time moments for calculations, it is important that not
too long delay times are selected, in order to prevent obtaining insufficient sig-
nal-to-noise ratio. After the same ratio is calculated for decay ratios at 521 nm
and 545 nm, the characteristic ratio for fluorescein and terbium is obtained. Fi-
nally, when these ratios (r;) are compared the characteristic ratio (rz) of the
whole luminophore mixture is obtained.

Table 4. Fluorescein and Tb(ll)L1 1:1 mixture. Intensities at selected wavelengths and delay
times, and their ratios.

Wave- Delay Iu: | Delay lw: | Decay ra- | Ratio (rr): Ratio (rr):
length nm | 0.01 ms 4 ms tio ra: lu/le | rapy/rape) rrvi2)/reAai4)
Ai: 450 6.34 0.022 287.7 1.2

A2: 460 5.72 0.025 233.2 0.54

As: 521 5.69 0.036 159.5 2.3

As: 545 5.02 0.072 70.1

The same can be expressed as an equation:

. = Doy Mooy A, aey (10)
Dty Moty Maeq M,

As seen from Table 4, the decay ratios rq are characteristic for the used lumino-
phores on the substrate. The lower the value of rq, the longer the luminescence
lifetime. Already these values give information if the cardboard material and
luminophores are what they should be. The final value rr can be compared with
known reference value for the actual authentication of the product. However,
before that, the wear and tear of the markings and proper error limits should be
defined.

Luminescence topographic maps can be measured, and the relation values can

be calculated, also from commercially available luminophores with simpler de-
tection setup. PLPs were used to demonstrate this, and the phosphorescent
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markings were made with a 1:1 mixture of GloNation Orange and Dark blue
dyes, excited with UV led flashlight, and measured with EMCCD camera at-
tached to a spectrograph. The obtained LTM is presented in Figure 13.
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Figure 13. LTM of GloNation Orange and Dark Blue. Measured with Andor EMCCD-detector.
Aexc=365 nm, texp=2 s. Frame rate 0.5 fps.

Various emission maxima and lifetimes make the LTM usable for authentica-
tion. The data can be analysed similarly as before, with Equation 10. When the
intensities at wavelengths 454 nm, 541 nm, 612 nm and 622 nm are compared
at delay times of t,;=1 s and t.=200 s, the characteristic decay relation is again
obtained:

_ I7\454nmt2$ 17\541nmt200s I7\512nmt2005 I}‘622nmt2$ =43
T‘R - .

I7\454nmt2005 17\541nmt25 I7\512nmt25 Ilszznmtzot)s

In addition to spectroscopic techniques, various RGB readers, and RGB and
HSV values can be utilized in authentication of the luminescent markings. This
possibility minimises the costs of the detector, when the diffraction gratings and
filters are not needed. To test this feasibility, commercially available PLPs were
dispensed on different areas of BB cardboard surface, which could represent e.g.
a part of the product logo or other figures in product package. The dots were let
to dry, and the decay of their emission were recorded with a smart phone cam-
era, after the excitation with a camera flash. A sequence of photographs were
taken using Nokia Lumia 1020 camera phone with time intervals of 60 s. The
pictures are presented in Figure 14.
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Figure 14. A sequence of photographs taken with a Nokia Lumia 1020 smartphone with time
intervals of 60 s. Super Glow Paint Glonation (Kentucky, USA) Blue (B), Green (G), Aqua (A),
Dark Blue (DB) and White (W).

From Figure 14, it can be seen already with the naked eye that the luminescence
of some inks decayed faster than others, and the colours changed when decay-
ing. The RGB values and Brightnesses (in HSV system) were analysed with Im-
ageJ Fiji software [90] from the area where the studied ink was applied. As an
example, the values of Glonation White at t; (0 sec) and ts (300 sec), and their
relations are presented in Table 5.

Table 5. Glonation White at t1: 0 sec and ts: 300 sec. The RGB values and Brightnesses (in HSV
system) were analysed with ImageJ Fiji software [90], and their relations were calculated.

White t1:0s te: 300 s Decay ratio | Ratio (rr) Ratio (rr)
ra: ti/te

Red 137.6 0.6 213.7 3.7

Green 138.6 24 58.2 9.9

Blue 146.7 38.6 3.8 0.4

Brightness 140.9 13.9 10.2

All of the different spots could have been analysed similarly and different spots
decays could have been compared to each other. However, already with the
change of brightness values, the luminescence decay of different markers could
be analysed. This kind of RGB analysing software could be made available as a
smartphone application for the product’s end users.

The smartphone application development work, part of a LuminoTrace project,
was also carried out. The marker samples were designed and prepared by the
author, while the designing of the fingerprint pipeline and the measurements
were carried out by M. Raatikka with the details given elsewhere [91]. The prin-
ciple of the developed method is represented in Figure 15. The studied markers
were similar commercial PLP pigments as used above.
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Figure 15. The fingerprint pipeline consists of capturing a marker, analysing it for a fingerprint
and finding the best match from the database [91].

Samples were first excited with a camera flash, and after a delay, the selected
number of frames were captured with smartphone camera, at set intervals. The
analysis algorithm used the hue histogram of a captured frame as the basis for
the analysis. For each frame, the algorithm finds the most dominant hues. The
array of hue peaks were computed from all the frames to form a unique finger-
print. In the presettings, e.g. focus distance, torch resolution and interval (ms)
were altered. Eight marker samples and their replicates were captured with six
different presettings for the Samsung S4 and three presettings for the Lumia
1020, resulting in a database of 144 fingerprints. In the fingerprint matching
step, the fingerprint was compared to the database to find the best match. The
similarities were computed using the fingerprint matching algorithm and a
more computationally intensive histogram method. The fingerprint’s ability to
match with its sibling fingerprint, i.e. to confirm product’s authenticity, was 76
% with fingerprint method and 89 % with histogram method. Based on these
results, the histogram presetting was more accurate. This accuracy is not yet
enough to be used in real application. However, the results demonstrated pos-
sible ways to impliment an AC system, and gave valuable information about the
challenges that need to be solved.

The luminophores were chosen to have long lifetimes so that a series of photos
could be captured and analysed with a smartphone. However, the chosen col-
ours were too similar, and the lifetimes were so long, that minor changes in the
luminophore concentration and capture interval duration did not cause signifi-
cant changes between the samples, which in turn caused recognitions to the
wrong marker. Luminophores concentrations and emission colours should have
been more distinguishable, and lifetimes of the marker should have been
shorter, so that clear differences within emission intensities in the set delay time
would have been noticed and the measurement time would have remained as
short as possible, which is an important factor for the user experience. The
marking preparation has a significant impact on fingerprint tracing, and the
shapes, sizes and concentrations of sibling markings should be identical to be
able to make reliable recognition with the used method.

At the moment, 960 frames per second (fps) is the highest rate for commercially
available smartphones. If Tb(III) chelate with a lifetime of 1 ms (i.e. the emission

40



decays to 1/e in 1 ms) is used as a marker, and 5 frames are needed for the de-
tection, the camera should be capable to take at least 5000 fps. Measuring low
intensities also sets high requirements to the cameras aperture, shutter speed
and ISO sensitivity. However, the results were promising especially since the
camera technology and data processing capability of smartphones are con-
stantly evolving and more secured markers (e.g. luminophores described in
chapter 3) can be used.

Optical authentication system can be based on not only the use of RGB colour
schemes, but it can be combined with almost any kind of overt, covert or foren-
sic technique. For example, combining physical unclonable functions (PUFs),
where random patterns of luminescent material are used, together with the lu-
minescent information makes the duplication of individual labels even more dif-
ficult. [43] In many applications utilizing colour modes, luminescent markers
have been combined with track and trace technologies to get more secured AC
systems. In typical QR (Quick Response) codes, storage capacity and security
can be improved by using a superimposition of the black-white and luminescent
QR codes, utilizing RGB components produced by lanthanide based lumino-
phores activated under UV light. [5,40]

The markings can be added to the surface of any product, as long as the matrix
effects and the wear and tear can be taken into account. Cardboard was an in-
teresting matrix due to its wide spread use in product packages, and the lumi-
nescence emission from constituent OBAs and celluloses can be used as a part
of the authentification. OBA’s strong emission can be deployed to hide the
marker’s lower emission, and also the option of using the long lifetime emission
of cellulose gives new possibilities to the authentication.

7.2 HECL studies

The goal of these HECL studies was to find low-cost alternatives for expensive
oxide-coated silicon electrodes. The possibility of using cellulose derivatives or
PS films as insulating material on metal electrodes was tested first. Next, the
composite electrodes made of different conductive carbon and insulating poly-
mer materials were studied. (Publications 2, 3) Finally, these materials were
used to make screen-printed electrode chips. (Publication 4) The analytical ap-
plicability of these electrodes was tested with immunoassay of CRP with a
Tb(III) chelate label (Publications 3 and 4) and fluorescein derivative label
(Publication 4).

7.2.1 Spin-coated polymer and composite films on metal electrodes

Steel substrate coated with thin layer of EC and CAP with mass concentrations
of 5 gl*and 25 g1, respectively, were studied first. Decay of the HECL emission

41



and time-resolved HECL of Tb(III)-L3 as a function of pulse ordinal are pre-
sented in Figure 16.
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Figure 16. Decay of the HECL emission (left). TR-HECL as a function of the ordinal number of
the excitation pulse. Delay 50 ps and gate 1 ms. (right) 1073 M Tb(Ill)-L3 in 1073 M K2S20sg, 0.05
M NazB4O7, 0.1 M Na2SOs4 solution. Electrode materials: (a) steel with a thin layer of EC (b) steel
with a thin layer of CAP, (c) steel without any insulating layer. Conditions: 2000 excitation pulses,
pulse charge 9.0 uC, voltage -35 V, frequency 50 Hz. Interference filter (550 + 20 nm). (Publica-
tion 3)
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The long-lived emission of Tb(III) chelate was obtained with cellulose deriva-
tive-coated electrodes, while with the bare metal substrates it was not observed.
This proves that the insulating polymer film enables the tunnel emission of en-
ergetic electrons, and therefore electrochemiluminescent excitation of lumino-
phore, during cathodic excitation pulses. The tested EC and CAP films tolerated
at least 2000 excitation cycles without electric breakdown, which is promising
because for an immunoassay already a tolerance of 200 excitation is normally
sufficient. (Publication 3) When pure polystyrene with a mass concentration of
50 g I'* was spin-coated onto brass substrate, no light emission from Tb(III) che-
late was observed. (Publication 2) For a PS solution made with optimal mass
concentration, the results would probably have been similar as with cellulose
films. The optimization of the thickness of polymer layer in nanometer scale,
and sufficiently reproducible manufacturing of the layers, was observed to be
critically important for these results.

Due to difficult manufacturing process and low emission intensities, these elec-
trodes were not studied further, and instead composite electrodes with different
conductive carbon particles and insulating polymer matrixes were studied next.
TR-HECL as a function of the ordinal of the excitation pulse and the decay of
the background emission of oxide-covered aluminium, CAP-CB and EC-CB elec-
trodes are presented in Figure 17.
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Figure 17. TR-HECL 10° M Tb(lll)-L3 as a function of the ordinal of the excitation pulse. Delay
50 ps and gate 1 ms (left). Decay of the background emission (right). Conditions: 0.05 M Naz2B4O7,
0.1 M Na2S0;s solution. Electrode materials: (a) Aluminum, (b) CAP-CB, (c) EC-CB, (We» 30%).
Excitation: 2000 excitation pulses, pulse charge 9.0 uC, voltage -35 V, frequency 50 Hz, interfer-
ence filter (550+10nm).

Compared to plain cellulose derivate films, the TR-HECL intensity of the com-
posite electrodes (We, 30 %) was almost 100-fold higher even though the Tb
(III)-L1 concentration was considerably lower. However, when the performance
of CAP-CB and EC-CB electrodes (Wa30%) were compared to aluminium elec-
trodes, TR-HECL of Tb(III)-L3 was only about 30 % of emission intensity ob-
tained at oxide-covered aluminum electrodes. (Figure 17, left) This is at least
partly due to carbon absorbing considerable amount of the HECL emission in
the composite electrodes, whereas aluminum somewhat reflects it towards the
detector. Similar results have been observed also with other composite materi-
als. [71,72] However, the background emissions of EC-CB and CAP-CB elec-
trodes were only about 2 % of the background emission observed from rather
impure (99.9 %) aluminum electrodes, which indicates better S/N ratio than
with aluminium electrodes.

The composite films tolerated several thousand excitation cycles in measure-
ments without a breakdown. TR-HECL as a function of the ordinal of the exci-
tation pulse with aluminium electrodes was high already after first pulses, while
it took longer time to rise with composite electrodes. A similar effect was ob-
served with PS-G electrodes. (Publication 2) When the PS-G electrodes were
treated with sulphuric acid before the HECL measurement, the number of
pulses needed to obtain highest emission intensity seemed to increase, possibly
due to more exposed graphite particles present on the electrode surface. Fur-
ther, the observed decrease in the emission intensity points out the importance
of the insulating layer with such composite electrodes. It is possible that, when
the polymer film is too thin, the uninsulated graphite particles on the surface
can only produce hydrogen evolution but not HECL, and after some kind of sur-
face passivation, i.e. formation of hydrogen, HECL generation becomes possible
when the pulse-polarization is continued. (Publication 2)

With EC-CB electrodes, emission raised slowly but stayed stable for 2000 exci-
tation pulses, while with CAP-CB electrodes emission increased and decreased
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more rapidly. This indicates that there are notable differences between the in-
sulating layers of these materials. The effect of carbon particle concentration in
PS-G, EC-CB and CAP-CB electrodes, and the properties of the composite layers
were studied next.

7.2.2 The effect of carbon particle content

The optimal carbon particle/polymer ratios for HECL applications were inves-
tigated by measuring TR-HECL of 105 M Tb(III) chelates with varied electrode
compositions (Figure 18). The relationship between G or CB weight fraction
(Wg/e) and measured emission intensity, together with the relative standard de-
viation (RSD) of HECL signal, was studied with PS-G (Figure 18, left) and EC-
CB and CAP-CB (Figure 18, right) electrodes. The sheet resistivity as a function
of W, is also represented in Figure 18 (left).
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Figure 18. TR-HECL of 105 M Tb(lll)-L2 at PS-G electrodes O, as a function of G weigh fraction,
the relative standard deviations (RSD) @ and sheet resistivity of electrodes €. Pulse charge 12.6
mC, frequency 20 Hz, delay 0, gate 4 ms. Interference filter (545 £ 20 nm). (left)(Publication 2)
TR-HECL of 107 M Tb(Ill)-L3 at CAP-CB @ and EC-CB electrodes 4 as a function of CB weigh
fraction and the relative standard deviations (RSD), CAP-CB O and EC-CB A, 5 replicate elec-
trodes. Pulse charge 9.0 uC, frequency 50 Hz, delay 50 ys and gate 1 ms. Interference filter (550
+ 20 nm).(right)(Publication 3) Conditions: 10 M K2S20s, 0.05 M Na2B4O7, 0.1 M Na2SO4 solu-
tion. Excitation: voltage -35 V. 2000 excitation pulses
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The electrodes were able to produce HECL at all tested CB weight fractions,
however the highest intensities and the lowest relative standard deviations were
observed for all electrode materials when W, was 20—30%. PS-G electrodes tol-
erated relatively great changes in the composition (W, 10-50%) without major
effect on emission intensity, while the HECL yield of CAP-CB and EC-CB elec-
trodes decreased dramatically outside the W, range of 20—-30%.

While the lower standard deviations were measured with CAP-CB electrodes,
EC-CB electrodes results were more repeatable at all CB weight fractions. The
standard deviation has to be as low as possible for analytical purposes. With this
perspective CAP-CB could be used in the measurements. However, EC-CB was
found to have better adhesion to the substrate, which is important in bioaffin-
ityassays.
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When approaching optimal conductive particle/insulating material composi-
tion (W, 30%), HECL intensity rises since there are more carbon particles ca-
pable of generating hydrated electrons, and the average distance between the
outermost carbon particles and the electrolyte solution decreases while the com-
posite material’s conductivity simultaneously increases. HECL intensity in-
creases also when the optimal insulating film thickness is approached, and de-
creases again when the insulating layer gets too thin for tunnel emission of elec-
trons to occur. Similar to oxide coated electrodes, where the HECL emission in-
tensity has been shown to be highly dependent on the thickness of the insulating
film [20,107], such effects have been observed with other carbon black compo-
site electrodes as well [73].

The electron transport properties of composite materials are important for gen-
eration of hot electrons. The highest emission intensity and the lowest standard
deviation was observed around the offset of coalescence network at approxi-
mately W; 30%. The sheet resistance at this value was as large as 100 kQo,
which indicates that more conductive particles e.g. carbon black or carbon
nanotubes should be used, especially if the composite layers are made thicker.

Cyclic voltammetry (CV) was used to analyse the surface of the glassy car-
bon/PS-G electrodes with varied compositions (Figure 19), i.e. to study the in-
sulating film coverage further. (Publication 2)
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Figure 19. CV for uncoated glassy carbon (solid line), and glassy carbon electrode coated with
graphite/polystyrene mixture containing 30% (dashed line), 50% (dotted line) and 55% (dot
dashed line) of graphite. Conditions: 100 mV s™! scan rate in 1 mM [Fe(CN)es]* solution with 1 M
KCl as the supporting electrolyte. (Publication 2)
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The voltammogram for W; 30% electrode shows that the surface of the
Metal/PS-G composite is passivated, i.e. graphite particles are not in direct con-
tact with the electrolyte solution. At 55% graphite concentration, a clear oxida-
tion peak was observed at 0.3 V (vs. SCE), however the charge transfer kinetics
are very slow as was seen from the high peak-to-peak separation value AE, (Fig-
ure 19), suggesting that there is electrical insulation around the graphite flakes
even at higher graphite flake values. More exposed graphite flakes are undoubt-
edly present on the electrolyte interface when the graphite concentration is
more than 53%, and the initial mechanism of charge transport during cathodic
pulse polarization is normal electrochemical reduction, which takes place di-
rectly on the cathode surface. It is likely that the insulating film coverage is not
optimal at higher graphite concentrations, as was observed from the emission
intensity, which started to decline for graphite concentration beyond 30% (Fig-
ure 18). However, if this is the case, the amount of exposed graphite particles
has to be small, as the CV measurements lacked the oxidation peak for elec-
trodes containing 50% of graphite. Based on all these measurements, it seems
that the electron injection to electrolyte solution from PS-G electrodes is based
on electron tunnel emission through the insulating layer rather than some kind
of field emission from bare carbon particles. Cellulose based composite elec-
trodes can be assumed to have similar properties based on these results and the
results obtained with other insulating materials, polyvinyl butyral-CB [71] and
PS-CB electrodes. [72]

The electron transport zones in studied composite electrodes are (i) from the
metal to conductive carbon particles inside of the insulating film, (ii) between
the carbon particles inside the insulating film, and (iii) electron injection/trans-
fer to the aqueous solution. At the metal/composite layer interface, electrons
are transferred probably partly by direct contact between metal and carbon par-
ticles and partly by tunneling. Inside of the composite layer, the main electron
transport mechanism is probably resonance tunnelling. At the composite/elec-
trolyte interface, electrons are likely to be partly transferred directly to the so-
lution species by the exposed carbon particles at the surface, and partly by field
assisted direct tunnelling [20,108] when the uppermost particles have a thin
insulating film coverage by the insulating material in question. When the carbon
particles at the surface have been covered by a thin hydrogen film, direct elec-
tron transfer to the solution species stops and only tunneling through the thin
insulating film (polymer or hydrogen film/bubble barrier) remains to be the op-
erative electron transfer mechanism to the solution. When the energy of the
electrons exceeds the conduction band edge value of water, hydrated electrons
will be produced similarly as in the cases of oxide-covered aluminium and sili-
con electrodes [20,27].
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7.2.3 The effect of free radical scavengers and co-reactants on HECL

When hot or hydrated electrons are the primary reducing species in the reac-
tions, and hydroxyl radicals generated from the dissolved oxygen are the pri-
mary efficiently oxidizing species, the free-radical scavengers (NO3- and NOz2-)
are expected to have a significant effect on the observed emission intensity,
when co-reactants are not used. The effect of hydrated electron scavengers NO3-
and NOz2-, and co-reactant K,S,Og were studied with Tb(III)-L2/PS-G electrodes
(Publication 2), and the effect of K»S.0s and NaN; were studied with Tb(III)-L3
with CAP-CB electrodes (Publication 3). (Figure 20)
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Figure 20. Measured with PS-G electrodes: Effect of electron scavengers: NOs~ A, NO2” ® and
co-reactant K2S20s ® on the TR-HECL intensity in 105 M Tb(lll)-L2. Wg 30 %, 2000 excitation
pulses, voltage -35 V, pulse charge 12.6 mC, frequency 20 Hz, delay 0 and gate 4 ms. Interfer-
ence filter (545 + 20 nm).(Publication 2) Measured with CAP-CB electrodes: Effect of K2S20s ®
and NaNs ¥ on the TR-HECL intensity of 107 M Tb(lll)-L3. W 30 %, 2000 excitation pulses,
voltage -35 V, pulse charge 9.0 uC, frequency 50 Hz, delay 50 ps and gate 1 ms. Interference
filter (550 + 20 nm).(Publication 3)

TR-HECL decreased two orders of magnitude as a function of NO; and NO»
concentration, which shows that PS-G electrodes are usable for generating hy-
drated electrons and emphasizes the importance of hydrated electrons in the
excitation reactions.

From the lowest co-reactant concentrations, it can be seen that the emission
without (or with insignificantly low concentration) co-reactants is higher with
Tb(I1I)-L3/CAP-CB than with Tb(III)-L2/PS-G electrodes, and the enhancing
effect of the co-reactant is not as strong for Tb(III)-L3. However, with both cases
the best K.S.0s concentration was around 103 M. Azide seems to be a more suit-
able co-reactant for Tb(III)-L3 than peroxodisulphate. The enhancing effect of
azide ion is based on its scavenging action of hydroxyl radicals generated from
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dissolved oxygen [20,109], since azidyl radical is a more selective one-electron
oxidant for this chelate than hydroxyl radical [20].

The dependency of the TR-HECL signal on the concentration of K.S.Os (Figure
20 squares) is similar to previously published results with different electrode
materials such as Al/Al,O; and Si/Si,Os. [67] The addition of persulphate de-
creases the amount of reducing mediator eaq~ in the system by producing
strongly oxidizing sulphate radicals, and when the concentration of peroxydi-
sulphate is increased beyond 10-3 M, the HECL emission intensity starts to de-
crease due to imbalance between oxidizing and reducing equivalents (i.e. c(€aq”)
& (¢(SO47)))[72]. Similar strong decrease in the HECL intensity was not ob-
served at high azide concentrations since it only converts oxidizing species (hy-
droxyl radicals) to better performing milder oxidizing radicals (azidyl radicals)
for Th(III)-L3.

The ability of composite electrodes to excite different types of HECL excitable
luminophores was studied with CAP-CB electrodes. (Publication 2) K.S,Os was
used as co-reactant for Ru(bpy)s2* [26] and NaNj for fluorescein [110,111]. The
shapes and emission maxima of the spectra are similar as in the literature
[107,109,111] which proves that Ru(bpy)s?*, fluorescein and most probably
many other HECL labels can be excited at these composite electrodes.

7.2.4 Screen-printed electrodes

Based on the above results and the other studies of these composite materials
[67,71,72], EC-CB and PS-CB were chosen to be used in screen-printed elec-
trodes. As the electrodes were being fabricated with this method for the first
time, the surface characteristics of the cathode areas in the chips were first an-
alysed by SEM (Figure 21) and AFM, and whole electrode area with surface pro-
filing. (Publication 4)

EHT= 100KV Signal A= Date 25 0ct 2018 EHT= 1004V Date :25 Ozt 2018
WD = 44 mm Mag= 1000 K X Time :16:46.00 — W= &imm Mag= 10.00 KX Time A704:38

Figure 21. EC-CB (left) and PS-CB (right) electrode surfaces analysed by SEM. Magnification of
10000 times. (Publication 4)
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According to SEM studies, the PS-CB electrodes have some areas where the in-
sulating PS and conductive CB are unevenly distributed (Figure 21). The cath-
ode surface of EC-CB electrodes was considerably more uniform than that of PS-
CB electrodes. It may be possible that benzyl alcohol, which was chosen as a
solvent mainly due to its suitable volatility properties for screen-printing, was
not optimal for producing a homogenous PS-CB mixture.

EC-CB and PS-CB electrodes were characterized also by AFM. The mean
roughness of EC-CB (54.6 nm, RMS 67.0 nm) and of PS-CB (58.0 nm, RMS 74.2
nm) did not have significant differences, so the actual surface areas of these
materials can be assumed to be quite similar and appropriate to be used in
immunoassays.

Based on both 2D and 3D profiling, the average height of the CB layer on EC
and PS electrodes were very similar, ca. 7—8 um. The bottom layers of Ag had a
thickness of 5—6 um, which should be able to produce the suffcient conductivity
to the bottom layer.

The capability of these electrodes to produce HECL was first tested with 103 M
Tb(III)-L3, and the photographs of emission were taken to observe the spatial
location of HECL emission on the working electrodes (Figure 22). In the begin-
ning of the measurement, only the luminophores located near the working elec-
trode edge closer to anode were excited. When pulse polarization (-45V and 31.5
uC) was continued, whole cathode area was eventually producing HECL. When
voltage and charge were too low (e.g. - 35 V and 9 pC), emission was seen only
in the outer parts and it did not spread in the middle of the electrode during the
measurement.

Figure 22. Long exposure photographs, exposure time 1 s. Voltage - 46 V, pulse charge 31.5 uC,
frequency 50 Hz. 3 seconds (left) and 29 second (right) after the beginning of the excitation. With
0.01 NaNs in 0.05 M NazB4O7, 0.1 M Na2S0O4. RS EC-CB electrode. The radius of the working
electrode area was the same (3.4 mm) as in Figure 7. (Publication 4)

Based on these observations, the pulse parameters were optimized and the high-
est emission intensities were observed with RS EC-CB electrodes by applying -
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55 V and 31.5 uC. With LF electrode geometry, similar problems were not ob-
served, and the whole area was in use already with lower voltage and charge.
However, the emission intensities were lower than with RS electrodes.

The emission intensities of Tbh(II1)-L3 (left) and FITC (right) as a function of
ordinal number of excitation pulses are presented in Figure 23.
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Figure 23. Tb(ll1)-L3 (left) and FITC (right) with 0.01 NaNs in 0.05 M Na2B4O7, 0.1 M Na2SOa4. RS
EC-CB (red), RS PS-CB (black) with 10 M luminophore. RS EC-CB (blue) and RS PS-CB (pur-
ple) without luminophore. Conditions: Pulse charge 31.5 uC, voltage - 55 V, frequency 50 Hz.
Interference filter (550+20 nm). Delay 160 ps and gate 4:10-3 s (left). Delay 0 us and gate 4-10-°
s (right). (Publication 4)

Emission of Tb(IIT)-L3 was higher with PS-CB electrodes than with EC-CB elec-
trodes in the beginning of the measurement. However, it started to decline after
250 pulses while EC-PS electrodes emission increased until 1000 pulses were
measured, and stayed relatively stable for at least 3000 more pulses (Figure 23,
left).

With FITC (Figure 23, right), intensities decreased with both electrode materi-
als from the beginning of the measurement, however, the rate of diminishing
was slower in the case of EC-CB electrodes, and the intensity was all the time
almost 100 times higher than with PS-CB. For some reason, the excitation of
FITC is not as effective with PS-CB as it is with EC-CB electrodes. Similar prob-
lem was not observed with Tb(III)-L3.

When Tb(III)-L3 and FITC measured with EC-CB are compared, FITC had sig-
nificantly higher emission intensity than Tb(III)-L, without major background
emission. With aluminium electrodes, the analytical applicability of fluorescein
is problematic due to high background emission. The measurement of calcein,
which belongs to xanthene dye group similarly as fluorescein, showed that the
aluminium electrodes exhibited a relatively high electroluminescence back-
ground signal during the excitation pulse. This was observed as a poor fit of the
calibration curve, and a rather poor detection limit that lies at about 10-® — 107
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M, while with PEI-CB composite electrodes it was 3-10° M. [67] When lumino-
phores with a long luminescence lifetime, such as Tb(III) chelates are measured
in time-resolved mode, the background luminescence is avoided and the differ-
ence between composite electrodes and aluminium is not as clear. However, the
possibility to print the polymer composite electrodes gives easier and wider pos-
sibilities for the architecture of such electrodes, compared to aluminium or sili-
con as electrode material.

7.2.5 Analytical applicability of composite electrodes

To be able to compare the analytical applicability of the studied electrode mate-
rial and fabrication methods, the blank-corrected calibration curves for Tbh(III)-
L measured with spin-coated PS-G and CAP-CB electrodes and screen-printed
EC-CB and PS-CB electrodes are presented in Figure 24.
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Figure 24. Measured with PS-G electrode B: Blank corrected calibration curve of Th(lll)-L2. 10~
M S20s%, -35 V, charge 12.6 mC, frequency 20 Hz, Interference filter 545 + 20 nm (Publication
2). Measured with CAP-CB electrode A: Tb(lll)-L3 with 0.01 NaNs, pulse charge 9.0 uC, voltage
-35V, frequency 50 Hz, delay 50 ps and gate 1 ms. Interference filter 550+20 nm. (Publication 3)
Measured with RS EC-CB ¢ and RS PS-CB electrode ®: Calibration curve Tb(lll)-L3 with 0.01
NaNs. Pulse charge 31.5 puC, voltage -55 V, frequency 50 Hz, delay 160 ys and gate 4 ms. Inter-
ference filter 550 +20 nm. (Publication 4) Conditions: 0.05 M Na2B4O7, 0.1 M Na2S04, 2000 exci-
tation pulses, Wyt 30 % except PS-CB which was 40%.
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The observed intensities are highest with PS-G and lowest with screen-printed
electrodes. However, due to different Tb(III) chelates and measurement param-
eters, the comparison of intensities is not as relevant as comparing the detection
limits. Blank-corrected calibration curves for FITC measured with EC-CB and
PS-CB electrodes are presented in Figure 25. The detection limits and standard
deviations of the curves in Figure 24 and Figure 25, and all the other calibration
curves in Publications 2-4, are presented in Table 6.
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Figure 25. Calibration curve FITC with 0.01 M NaNs in 0.05 M NazB4O7, 0.1 M NazSO4. RS elec-
trode EC-CB A (triangles), PS-CB M(squares). Conditions: 500 excitation pulses. In case of EC-
CB the light intensity was too high for photon counting above 1 uM solution. Pulse charge 31.5
uC, voltage - 55 V, frequency 50 Hz, delay 0 s and gate 40 ps. Interference filter (550+20 nm).
(Publication 4)

Table 6. The detection limits and standard deviations of studied luminophores measured with
different electrode materials and excitation parameters.

Luminophore/ Electrode material / Excitation Detection | Standard de- Publi-
co-reactant limit viation cation
Tb(Il)-L2 / PS-G / 10-* M K2S20s -35V,12.6 uC,20Hz | ca. 10°M | 4 % (10° M) 2
Tb(lll)-L2 / PS-G /10 M K2S20s / DC | DC, 20 V, 60 mA ca.106M | 23% (10°M) | 2
Tb(ll1)-L3 / CAP-CB / 102 M NaN3 -35V, 9.0 uC, 50 Hz 210 M 4 % (10°M) 3
Tb(Il1)-L3 / RS-PS-CB / 102 M NaN3 -55V,31.5uC,50Hz | 5:10°M 5% (10 M) 4
Tb(lll)-L3 / RS-EC-CB / 102 M NaNs -55V,31.5uC,50Hz | 1-10°M 2 % (10 M) 4
Ru(bpy)s* / CAP-CB / 10 M K2S20s -35V, 9.0 uC, 50 Hz 4-10°M 4 % (10°M) 3
FITC / RS-PC-CB / 102 M NaN3; -55V,31.5uC,50Hz | 8108 M 12% (10°M) | 4
FITC / RS-EC-CB / 102 M NaN3 -55V,31.5uC,50Hz | 4-10"°M 10 % (10°M) 4
FITC/LF-PS-CB /102 M NaNs -23V,67.2uC,50Hz | 8:10% M 4
FITC/ LF-EC-CB /102 M NaNs -23V,67.2uC,50Hz | 4-10°M 4
FITC / RS-EC-CB / 102 M NaN3; DC, 20V, 2.5 sec ca. 106 M 4

The lowest detection limit was measured with spin-coated CAP-CB electrodes
with Tb(III)-L3, and almost as good results were obtained with screen-printed
EC-CB electrodes with FITC. The results are not fully comparable due to differ-
ent measurement conditions. The results obtained with screen-printed EC-CB
with both RS and LF are promising since the mass ratios of carbon black and
polymer were chosen as a compromise between the highest emission intensity
and the screen-printing properties of the composite material.

Due to problems with insufficient tolerance of CAP-CB electrodes for incubation
in aqueous solution, these electrodes were not used in immunoassays and were
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not tested to screen-print. Better adhesion of CAP films to the substrate could
have been achieved by using other solvents and optimizing the spin-coating pa-
rameters, and with screen-printing there might not have been adhesion prob-
lems at all. If the problems with poor adhesion can be solved, the results ob-
tained with CAB-CB electrodes in publication 3 are also encouraging for the fur-
ther studies, since their emission intensities were higher and electrodes toler-
ated greater changes in the W, than CAP-CB or EC-CB electrodes. (Publication
3)

The poor result with screen-printed PS-CB electrodes is possibly related to the
uneven distribution of carbon particles and difference in surface properties (hy-
drophobicity, etc.) of EC and PS. The used Wq, might also explain part of the
problem. In addition, the pulse parameters were optimized for EC-CB elec-
trodes, which can explain part of the decrease in emission intensity. The results
indicate that the manufacturing of these electrodes was not very succesful, since
with spin-coated PS-CB for Tb(III) chelates detection limit as good as 10 M
has been measured [72]. The applied solvent in making of the composite layer
ink should be studied more carefully to obtain more homogenous electrode sur-
face, and the printing method itself was not yet optimal in this first effort of
fabrication of printed electrode chips.

The use of direct current excitation was also found to be possible with the pre-
sent composite electrodes. Thin oxide film-coated electrodes e.g. aluminium
cannot be used at all under cathodic DC polarization due to the breakdown of
the insulating film [112]. Thus, this is also a promising feature of the present
composite materials.

The analytical applicability of cellulose based electrodes was studied next by
measuring calibration curves of hCRP with Tb(III)-L4 as a label with spin-
coated EC-CB (Publication 3) and screen-printed RS EC-CB (Publication 4)
electrodes (Figure 26).
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Figure 26. Blank subtracted calibration curves of hCRP with 15 min incubation time and 15 pl
sample volume. 0.01 M NaNs in 0.05 M Na2B4Oy7, 0.1 M Na2S0a4. 100 ng/cell of antibody labelled
with Tb(lll)-L4. Conditions: 2000 excitation pulses, frequency 50 Hz, Interference filter 550+20
nm, We, 30 %. Measured with spin-coated EC-CB electrodes B, pulse charge 9.0 uC, voltage -
35V, delay 50 ps and gate 1 ms. (Publication 3) And with screen-printed EC-CB electrodes ®,
pulse charge 31.5 pC, voltage - 55 V, delay 160 ps and gate 4 ms. (Publication 4)

The calibration curve of hCRP was measured with FITC as a label at RS EC-CB
electrodes (Figure 27). To be able to compare the results, the detection limits
and standard deviations of the curves in Figure 26, Figure 27 and all the other
immunoassays studied in Publications 3 and 4 are presented in Table 7.
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Figure 27. Blank subtracted calibration curves of CRP with 15 min incubation time and 15 pl
sample volume. 0.01 M NaNs in 0.05 M NazB40O7, 0.1 M NazSOa. 100 ng/cell of antibody labelled
with FITC. Conditions: 500 excitation pulses, Pulse charge 31.5 uC, voltage - 55 V, frequency 50
Hz, delay 0 ps and gate 4-10% s. Interference filter (550 + 20 nm). Measured with RS EC-CB
electrodes. Confidence bars calculated with 95% confidence level, n=2. (Publication 4)
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Table 7. The detection limits and standard deviations of hCRP measured with different electrode
materials and excitation parameters.

Luminophore/ Electrode material / | Excitation Detection limit Publica-
co-reactant tion
Tb(lll)-L4 / EC-CB / 102 M NaNs -35V, 9.0 uC, 50 Hz ca.1-102 mgl' | 3
Tb(lll)-L4 / RS-EC-CB/ 102 M NaNs | -55V, 31.5 uC, 50 Hz 7-102 mg I 4
Tb(lll)-L4 / RS-PS-CB /102 M NaN; | -55V, 31.5 uC, 50 Hz 6:10" mg I' 4

FITC / LF-EC-CB / 102 M NaN3 -23V, 67.2 uC, 50 Hz 5102 mg I 4

FITC / RS-EC-CB / 102 M NaNs -55V, 31.5uC, 50 Hz 6-10° mg I 4

The calibration curve of hCRP with screen-printed EC-CB electrodes, and with
FITC as a label, was linear over three orders of magnitude of concentration and
the calculated detection limit (s/n = 3) was 6-10°3 mg 1, which was the best
among the studied materials. When Tb(III)-L4 was used as label, spin-coated
electrodes gave better results than screen-printed electrodes, which indicates
that with spin-coated EC-CB electrode, the detection limit of FITC could have
been even lower. With spin-coated PS-CB electrodes, the detection limit was re-
ported to be as low as 3-104 mg 1 [72], which makes the poor results of screen-
printed PS-CB electrodes even more surprising. In addition, the low HECL in-
tensities and moderate analytical slopes in the hCRP calibration curves meas-
ured with screen-printed electrodes needs to be studied further.

Determination of CRP via HECL has been previously studied also with silicon
electrodes. With integrated silicon electrodes, the detection limit was ca. 1-103
mg L1 [74] and with planar oxide coated silicon electrodes it was as low as 3-10
4 mg 1 [75]. However, the production of these silicon electrodes is expensive
and rather difficult due to the need for clean room conditions.

FITC could be detected down to a lower concentration without time-discrimi-
nation, than the presently used Tb(III) chelates using time-resolved detection,
which is promising for real-world applications. However, extremely sensitive
immunoassays do not yet seem obtainable with the present printed electrode
chips, since the detection limit of plain label chelates should be of the order of
1-10"* M to offer sufficient measurement limits for analytes such as the thyroid
stimulating hormone. When the best aromatic Th(III) chelates that are not yet
commercially available, are used, the detection limits even with the presently
used printed electrode chips can be considerably lowered.

Similar to photoluminescence applications, small sized detectors, even
smartphone cameras, can be used as detectors in HECL measurements. In
ECLIA only the measurement of luminescence intensity is needed, which sim-
plifies the detection compared to AC measurements with photoluminescence,
where the data sets in LTM were much more complicated. In recent years, there
has been an exponential increase in the publications on the use of smartphones
for e.g. fluorescence and electrochemiluminescence detections in POC diagnos-
tics. [113,114] However, the detected HECL intensities in CRP-immunoassays
were quite low, which sets challenges in detection with smartphones. The rea-
son for quite low intensities has been suggested to be that, during cathodic pulse
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polarization the catching antibodies are detached from the working electrode
surface [61]. This problem could be avoided by using covalent attachment of
catching antibodies to the working electrode. Cellulose especially, can be easily
modified to bind antibodies due to its functional hydroxyl groups. [115] Also PS
can be pretreated in various ways to allow covalent binding of biomolecules to
the surface [116].

Inkjet printing by material printers could be considered as a possible method to
produce electrodes, as it would allow for printing directly on the appropriate
areas of disposable assay’s cartridge. Cartridges are much more attractive from
the point of view of the users, than the droplet type incubation chips used in this
study. However, screen-printed electrode chips can as well be used in assay car-
tridges. The use of direct current excitation is also a possibility when the instru-
mentation is required to be simplified even further.

There is still a lot of product development work to be done before a real-world
POC application is on the market. The development of the assay cartridge, the
optimization of the electrode materials, selecting the best luminophores and the
tests with real-blood samples still have to be done, and the whole instrumenta-
tion should preferably be miniaturized. However, the possibility to use inexpen-
sive luminophores with short luminescence lifetimes, to mass produce elec-
trodes by printing, to bind catching antibodies covalently to the working elec-
trode, to use inexpensive and more environmentally friendly cellulose materials
in electrodes, and also the possibility to use smartphones for the detection in
the future, have made the development of low cost POC systems quite a realistic
goal.
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8. Conclusions

Luminescent markers and labels can be utilized in commercially important ap-
plications such as in anti-counterfeiting (AC) and in bioaffinity assays (BA). In
AC techniques, the availability of wide variety of luminescent markers together
with, the reliability, ease of the use and price of the detection method, are im-
portant factors. In addition, the marker must be compatible with the materials
used in the product package. Cellulose was found to show long-lived emissions
originating from multiple luminescence centres. Process conditions and the
chemicals used in the fibrillation, especially TEMPO-oxidation, have an effect
on the luminescence centres. However, the actual origin of cellulose lumines-
cence is still far from unambiguous. Multiple chemical characteristics, e.g. hy-
droxynaphthoquinones, metal ions and possible luminescence quenching and
enhancing functional groups, as well as the physical characteristics, such as,
crystallinity, should be taken into consideration when the luminescence prop-
erties of cellulose are evaluated and cellulose is used in luminescence applica-
tions.

Multiple combinations of organic luminophores, lanthanide chelates and inor-
ganic phosphors can be used to create luminescence topography maps (LTM)
for verification of the authenticity of the marker. Complex measurement data
obtained with laboratory level luminescence spectrometers can be simplified
and condensed by just comparing the intensities at the most important emission
wavelengths and decay time scales. In addition, the emission properties of cel-
lulose and optical brightening agents can be used in LTM as a natural source of
internal standards provided by the packaging material itself. Hand-held AC in-
struments utlizing both organic and inorganic luminophores as AC markers are
becoming realistic in the near future, since the cameras and computing power
of the smartphones are constantly evolving. The whole authentication process,
from the photoexcitation of the markers to the recognition of the product, was
demonstrated with a smartphone application developed in our project. Even
more efficient detection can be achieved if an additional microcontroller-based
module utilizing powerful UV-LEDs or diode lasers is applied. Authentication
by smartphones opens new possibilities for all the consumers to authenticate
the products, especially when the technique is combined with other techniques
such as QR-codes. The results obtained in our collaboration project give a good
basis for the development work towards real-world AC applications.
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The goal of the BA development work was to find low-cost alternatives for oxide-
coated silicon electrodes and Tb(III) chelate labels. Composite electrodes have
good signal to noise ratio and better chemical and physical stability compared
to oxide coated inorganic electrodes. Cellulose based composite material is es-
pecially well-suited for the fabrication of screen-printed electrodes. The possi-
bility of covalent attachment of catching antibodies to the working electrode
surface due to the multiple hydroxyl groups in cellulose is a promising feature.
This could also solve the problem of rather low emission intensity obtained with
the immunoassay of C-reactive protein. FITC could be detected to a lower con-
centration without time-discrimination, than the presently used Tb(III) che-
lates using time-resolved detection, which is very promising for low-cost POC
applications due to the very low price of FITC.

The development of low cost POC system seems to be now quite a realistic goal.
The possibilities i) to use inexpensive luminophores, ii) to mass produce elec-
trodes by printing, iii) to bind caching antibodies covalently to the working elec-
trode in the future applications, iv) to use inexpensive and more environmen-
tally friendly cellulose materials in electrodes, and v) to use smartphones for the
detection and data transfer, all make the development of a low-cost POC system
feasible.
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