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RBM Radial breathing mode 

RSD Relative standard deviation 

SEM Scanning electron microscopy 

STEM Scanning transmission electron microscopy 

SWCNT Single-walled carbon nanotube 

ta-C Tetrahedral amorphous carbon 

TEM Transmission electron microscopy
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TR Tramadol  

UA Uric acid 

UV-vis Ultraviolet-visible spectroscopy 

XAS X-ray absorption spectroscopy 

XPS X-ray photoelectron spectroscopy 
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1. Introduction 

1.1 Background 

In 2017, the president of the United States declared the opioid crisis as a public 
health emergency. The use of prescription opioids had been increasing at an 
alarming rate throughout the 21st century resulting in an exponential growth in 
the death rates due to opioid overdose [1]. In 2018, the Centers for Disease Con-
trol and Prevention reported over 46 000 opioid-related overdose deaths in the 
country [2], and it is estimated that on average 130 Americans die every day of 
opioid overdose [3]. In addition, the opioid-related mortality rates have been 
alarmingly increasing in other parts of the developed world as well, including 
Australia, New Zealand and a few European countries [4]. According to recent 
reports, approximately 86 000 deaths were associated with opioid overdose in 
2016 worldwide [5].  

The first wave of the opioid epidemic started in the 1990’s with an increase 
in opioid prescriptions for chronic and acute pain, leading to increased exposure 
to opioids [1]. Since then, the focus of the crisis has shifted more to the growing 
market of synthetic opioids for illicit use.  

Opioids are a group of analgesics that bind to specific receptors in the human 
brain and affect the central nervous system. As such, they can also cause strong 
addiction and can lead to death due to respiratory depression. Despite the grim 
numbers of opioid fatalities, they are still a valuable medical tool for treatment 
of moderate and severe pain and are widely used in hospitals around the world. 
In 2017, more than 191 million prescriptions were written for opioids in the 
United States alone [6].  

However, the analgesic effect of opioids is highly individual, since it is af-
fected by several factors such as age, genetic components and drug-drug inter-
actions [7–9]. Thus, dosing of opioids for patients is based on standard dosages, 
careful titration of the dose and, ultimately, relies on the experience of the med-
ical personnel. Opioid plasma concentrations can be determined with highly 
specialized analytical tools such as high-performance liquid chromatography. 
However, this method requires complex sample treatment protocols and thus a 
high level of expertise from its users as well as several hours of processing time.  

The dosing of opioids could be made more personalized and suspected over-
dose cases diagnosed more effectively if the plasma concentration levels of opi-
oids could be determined with a fast, simple and accurate method. Such a tool 
could reduce overprescribing and enable faster medical interference in cases of 
overdose. In addition, a fast, quantitative test could be used for roadside testing 
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in confirming suspected cases of driving under the influence of illicit drugs. Sev-
eral commercial point-of-care (POC) assays exist for screening of opioids [10], 
but so far these are mainly qualitative methods that only offer limited infor-
mation that cannot be used for dose adjustment. In addition, the most common 
biological matrix used for these assays is urine, which can be very challenging 
to collect in emergency situations such as in cases of suspected overdose. 

Electrochemical methods offer a fast, accurate and sensitive method for de-
tection of a variety of target molecules. The most wide-spread example of an 
electrochemical POC-device is the blood glucose meter. In these measurement 
systems, the electrodes can be miniaturized so that only small sample sizes of 
tens of microliters are required. The electrochemical measurement setup is also 
fairly simple, and it can be easily made into POC-type devices. In fact, several 
commercial hand-held potentiostats already exist, the smallest ones being the 
size of a matchbox.  

A wide range of biological molecules, including opioids, have been reported 
to be electrochemically detected in various biological matrices. However, the 
studies found in the literature almost exclusively use either urine, serum or 
plasma as their measurement matrix. In addition, these matrices are nearly al-
ways processed and diluted to reduce the interference from the matrix. There is 
a growing need for POC-devices able to quantify opioid concentrations from fin-
ger-prick blood samples and while efforts have been made to reach this goal, the 
challenge of detecting low target concentrations in complex biological matrices 
has not yet been overcome.  

The main challenges for opioid detection in blood are (i) extremely low con-
centrations of target analyte, (ii) high concentrations of interfering, electro-
chemically active endogenic molecules present in the matrix, (iii) interference 
from other possible drugs or substances present in the patient’s blood and (iv) 
biofouling of the electrode due to proteins and subsequent decrease in sensitiv-
ity and stability. The aim of this thesis is to evaluate carbon-based hybrid nano-
materials for sensitive detection of opioids and assess their performance in 
these four aspects.  

1.2 Objectives and overview of publications 

The main objective of this thesis was to answer the following research problem: 
 
Is it possible to develop carbon-based electrochemical sensors for 
point-of-care detection of opioids in small, untreated blood samples?  

 
The materials used in the studies were tetrahedral amorphous carbon (ta-C) and 
single-walled carbon nanotube (SWCNT) networks. A permselective polymer, 
Nafion, was used as a protective coating on top of the electrodes. Cyclic voltam-
metry and differential pulse voltammetry were used as the electrochemical 
methods. 

In Publications I, II, IV and V, electrodes were fabricated by hand on glass 
and copper substrates and used for detection of morphine, codeine, tramadol, 
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O-desmethyltramadol and fentanyl in PBS and plasma. By the time Publication 
VI was being prepared, the sensor fabrication had been developed further and 
integrated test strips patterned on a polymer substrate were used for measuring 
morphine in whole blood. In publication III, data from Publication II and others 
made by the group was compiled to show the wide range of analytes that the 
carbon nanomaterials can electrochemically detect as well as the versatility and 
tunability of these materials. 

 
The research problem can be further divided into five research questions: 
 

1. Is it possible to detect clinically relevant concentrations of different opi-
oids with electrochemical carbon-based sensors? (I, II, IV, V)  

2. Are these electrodes selective enough for detection of opioids in biologi-
cal matrices? (I, II, VI) 

3. Is it possible to selectively detect opioids in the presence of or simulta-
neously with their main metabolites? (I, II, IV & maybe VI) 

4. How can the selectivity and sensitivity of carbon-based electrodes be op-
timized for specific applications by selecting the correct materials and 
fabrication parameters? (I, II, III)  

5. Can the carbon-based sensors be translated into point-of-care devices 
for measuring clinically relevant opioid concentrations in untreated 
whole blood? (VI)  

 
The relations between the five research questions are illustrated in Figure 1.1. 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

Figure 1.1. Relations between the research questions (RQ). 

1.3 Research process 

The materials and methods used in the studies in this thesis are introduced in 
this chapter. Table 1.1 summarizes the electrode materials, methods, analytes 
detected, and matrices used in each publication. 
 

Point-of-care detection of opioids in biological matrices (RQ5) 

Sensitivity for 
detection of 

opioids (RQ1) 

Selectivity in 
biological ma-
trices (RQ2) 

Selectivity  
between struc-
turally similar  

molecules (RQ3) 

Selecting appropriate materials and 
fabrication parameters (RQ4) 
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Table 1.1. Summary of electrode materials, methods, analytes detected, and matrices used in 
Publications I – VI.    

Publica-
tion Electrode Material Methods Analytes Matrices 

I  SWCNT on glass  
+ Nafion 

CV, DPV Morphine, co-
deine  

PBS, human 
plasma (diluted) 

II ta-C on Si + Nafion DPV Tramadol, O-
desmethyl-tra-
madol 

PBS, human 
plasma (diluted) 

III Various CV Several opi-
oids, neuro-
transmitters 

Various 

IV SWCNT on glass  
+ Nafion 

DPV Oxycodone, 
noroxycodone, 
oxymorphone 
 

PBS 

V SWCNT on glass  
 

CV, DPV Fentanyl  PBS 

VI SWCNT strips on 
PET + Nafion 

DPV Morphine  Human capillary 
blood (untreated) 

SWCNT: Single-walled carbon nanotubes; CV: Cyclic voltammetry, DPV: Differential pulse voltammetry; 
PBS: Phophate buffered saline; ta-C: Tetrahedral amorphous carbon; PET: polyethylene terephthalate.  

1.3.1 Sample fabrication 

ta-C 
The ta-C thin films in Publication II were deposited on boron-doped p-type ⟨100⟩ Si wafers with <0.005 Ωcm-1 resistivity (Siegert Wafer, Germany). The 
wafers were first cleaned by a standard RCA clean followed by ultrasonication 
with acetone (Sigma-Aldrich) prior to deposition. ta-C was then deposited on 
the cleaned wafers by dual filtered cathodic vacuum arc (FCVA, Lawrence 
Berkeley National Laboratory, USA) equipped with two graphite cathodes 
(Goodfellow). A magnetic filter was used inside the deposition system to reduce 
macroparticle contamination. The thickness of the ta-C films used in this thesis 
was 15 nm. 

To prepare the electrodes, the fabricated ta-C wafers were diced into 1 cm2 
squares. The Si-sides of the pieces were then scraped with a diamond scriber 
and a piece of copper to improve the conductivity of the backside of the samples. 
Then the pieces were placed on a piece of conductive copper clad (double sided 
FR4 fiber glass board, Elprintta, Finland) and covered with polytetrafluoroeth-
ylene film (PTFE, Saint-Gobain Performance Plastics CHR 2255-2) with a 3 mm 
or 6 mm hole to isolate the working electrode area. Figure 1.2 shows a photo and 
a schematic figure of the structure of the electrode. 

SWCNT network 
To synthesize the SWCNT networks on glass substrate used in Publications I, 
IV, and V, aerosol chemical vapor deposition (CVD) was used. In this thermal 
high-temperature floating catalyst CVD process, iron nanoparticles are first 
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Figure 1.2. A photo and a schematic figure showing the layered structure of the ta-C electrode 
on copper. 

generated from ferrocene by thermal decomposition. The reaction takes place 
in a quartz reactor in a carbon monoxide atmosphere and the generated iron 
nanoparticles act as catalysts to decompose the carbon monoxide. This decom-
position yields carbon and carbon dioxide, leading to saturation of the catalyst 
particles with carbon. This, in turn, results in formation of a graphitic layer and 
initiation of the growth of SWCNTs on the surface of the catalyst particles. In 
the gas phase, the formed SWCNTs collide with each other, forming bundles 
bound together by van der Waals forces. Finally, the gas is passed through a 
filter membrane, collecting the produced SWCNTs onto the filter to form 
SWCNT networks. The growth mechanism is described in more detail in [11,12]. 

The fabricated networks were press transferred by hand on a pre-cut glass 
substrate (Thermo Scientific, ISO 8037-1) with dimensions of approximately 1 
x 2 cm. Before the press transfer, the glass was cleaned by sonication in acetone 
(AnalaR NORMAPUR, Merck) and immersion in ethanol (99.5 wt %, Altia, Fin-
land). The pieces were then either allowed to dry at room temperature or blown 
dry with nitrogen.  

After press transferring, the SWCNT network was densified with a drop of 
ethanol and either allowed to dry at room temperature (Publications IV and V) 
or baked on a hotplate at 70°C for 3 min (Publication I). Contact pads were 
painted with conductive silver paint (Electrolube) and either allowed to dry at 
room temperature for at least 30 min (Publications IV and V) or dried at room 
temperature for 15 min and then baked on a hotplate at 60°C for 3 min (Publi-
cation I). A piece of conductive copper tape (Ted Pella, Inc.) was added on top 
of the silver paint to facilitate connection to the electrode leads.      

The prepared electrodes were then insulated with PTFE tape with a 3 mm 
diameter hole. This way the working area of the electrode could be isolated and 
the SWCNT network firmly attached to the glass surface. See Figure 1.3 for an 
illustration of the electrode structure. 

 
Figure 1.3. A photo and a schematic figure showing the layered structure of the SWCNT network 
electrode on glass. 
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SWCNT sensor strips 
For the SWCNT sensor strips used in Publication VI, SWCNTs were grown and 
collected as described above on a filter membrane. They were then press trans-
ferred onto an A4 sized polyethylene terephthalate (PET) sheet, densified with 
isopropanol and baked for 20 minutes at 100°C. This dry transfer method onto 
flexible substrates has been previously reported by Kaskela et al. [13]. The sen-
sors were then patterned using a CO2 laser to generate the working, reference 
and counter electrodes. The reference electrode as well as the contact pads were 
further modified by screen printing silver lines on top of the SWCNT layer. Fig-
ure 1.4 shows a photo and a schematic figure of the sensor structure.   
 

 

Figure 1.4. A photo and a schematic figure showing the structure of the SWCNT sensor strip. 

Nafion coating 
The electrodes on copper and glass substrates were coated with either 2.5 wt% 
Nafion 117 from Sigma Aldrich (Publication II), 5 wt% Nafion 117 (Publication 
I) or 2.5 wt% Nafion D-520 from Alfa Aesar (Publication IV). The 2.5 wt% solu-
tions were prepared by diluting 5 wt% solution with 94.5 wt% ethanol (Altia, 
Finland). The coating was done by immersing the electrodes into the solution 
by hand for 5 s (Publications I and II) or by using a mechanical dip coater (Pub-
lication IV). The coatings were allowed to dry at room temperature overnight. 
In Publication VI, the sensor strips fabricated on PET were coated with 5 wt% 
Nafion 117 from Sigma Aldrich by slot-die coating. The different Nafion solu-
tions, concentrations, coating methods and resulting membrane thicknesses are 
listed in Table 1.2.  

Table 1.2. Nafion solutions and coating methods used in this thesis. The resulting membrane 
thicknesses in each case are also listed. 

Publica-

tion 

Electrode 

substrate 

Nafion Nafion con-

centration 

Coating 

method 

Membrane 

thickness 

(nm) 

I Glass Sigma 117 5% Dip-coating  

by hand 

1200 ± 500 

II ta-C Sigma 117 2.5% Dip-coating  

by hand 

460 ± 640 

IV Glass Alfa Aesar 

D-520 

2.5% Mechanical  

dip-coater 

980 ± 48 

VI PET Sigma 117 5% Slot-die coating ~170* 

 
*Thickness measured from SWCNT sensor strip slot-die coated with 2.5% Nafion [14]. 
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1.3.2 Physical characterization  

Electron microscopy  
Electron microscopy was used to study the structure and composition of the 
SWCNT network on glass substrate as well as the layer structure with the Nafion 
coating. In Publication I, high-resolution transmission electron microscopy 
(HRTEM) images were taken with a FEI Tecnai F-20 microscope coupled with 
energy-dispersive spectroscopy (EDS) to study the morphology of the nano-
tubes and the elemental composition of the samples. The SWCNT samples were 
press transferred directly on M75 copper only TEM grids (Agar Scientific) for 
imaging and scanning transmission electron microscopy (STEM) mode was 
used for the EDS analysis. In Publications IV and V, a HRTEM microscope 
(JEOL 2200FS with a Gatan 4k × 4k Ultrascan 4000 CCD camera, Japan) was 
used and the SWCNT samples were press transferred onto S147AH Au TEM 
grids (Agar Scientific). An acceleration voltage of 200 kV was used with both 
microscopes.  

In Publication I, a cross-sectional electron microscopy image was also used 
to determine the average thickness of the Nafion coating. The electrodes on 
glass substrate were first cooled in liquid nitrogen and then cleaved to achieve a  
cross sectional sample. The samples were then coated with 2 nm Au by sputter-
ing (Leica EM SCD050) and imaged with an S-4700 SEM (Hitachi). The thick-
ness of the Nafion coating was determined from 121 SEM images across the 
cross section. For the SWCNT sensor strips, a slot-die coater (Schneider Elec-
tric) was used for coating the prepared sensors with 5 wt% Nafion 117. After the 
coating had dried, the sensors were cut out from the PET sheet and covered with 
a PTFE film with a 6 mm hole. 
 
Raman spectroscopy 
Visible Raman spectroscopy was used in Publications I and V to further charac-
terize the chemical structure and the presence of functional groups on the 
SWCNT and the Nafion coating on glass substrate. The analysis was performed 
with a LabRAM HR (Jobin Yvon Horiba) confocal Raman system. 
 
X-ray photoelectron spectroscopy  
The elemental composition of the SWCNT networks was studied with X-ray 
photoelectron spectroscopy (XPS) in Publication V. For the analysis, samples 
were press transferred on highly boron-doped ⟨100⟩ Si pieces and the measure-
ments were conducted with an Axis Ultra electron spectrometer (Kratos Analyt-
ical, Manchester, UK). CasaXPS software was used for the elemental quantita-
tion. 

 
X-ray absorption spectroscopy  
In Publications IV and V, the surface chemistry of the SWCNTs was studied with 
X-ray absorption spectroscopy (XAS) at Stanford Synchrotron Radiation 
Lightsource (SSRL). The X-ray energies used for carbon (C 1s), oxygen (O1s), 
and iron (Fe 2p) were from 260 to 350, 520 to 580, and 695 to 735 eV, respec-
tively. The data collection was conducted with total electron yield (TEY) mode. 
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The positions for each functional group were taken from the literature 
[15,16,25–30,17–24]. Unfortunately, the oxygen functional group assignment 
shows poor agreement across many publications. The most consistent infor-
mation can be found from the electron energy loss spectroscopy (EELS) studies 
of molecular compounds measured by Hitchcook and co-workers [16] as well as 
for carboxyl groups, which are well assigned. The overall logic for peak assign-
ments here follows closely that of Urquhart and Ade [31] (and citing work 
[15,16,27–29,17–19,22–26]) in which chemical shifts for a number of different 
carbonyl groups were addressed systematically. 

 
Ultraviolet-visible spectroscopy 
The SWCNT networks were further characterized with ultraviolet-visible spec-
troscopy (UV-vis) in Publication V. UV-vis spectra were recorded for both pris-
tine and baked networks to study the effects of atmospheric doping under am-
bient conditions on the optical and electrical properties of the SWCNTs. Sam-
ples were baked on a hot plate at 250°C for 2 h. For recording the optical ab-
sorption spectra, an Agilent Cary 5000 UV vis NIR spectrometer (Agilent 
Technologies, Inc.) was used.  
 
Profilometry 
In Publication IV, the thickness of the Nafion membrane on the SWCNT net-
work was analyzed by a contact profilometer (Dektak 6M). The samples were 
prepared for the measurement by cutting off the SWCNT coated with Nafion 
from the surrounding PTFE tape with a 3 mm biopsy punch (Agar Scientific). 
The tape was then removed, and the electrode area left on the glass substrate 
ready to be analyzed.  

1.3.3 Electrochemical characterization 

Electrochemical measurements were performed with two different potenti-
ostats: CH Instrument (CHI630E) in Publications I, II, IV and V and PalmSens4 
in Publication VI. A three-electrode system was used in all electrochemical 
measurements (see Figure 1.5). With the CHI potentiostat, Ag/AgCl (+0.199 V 
vs standard hydrogen electrode, Radiometer Analytical) was used as reference 
and a platinum wire as a counter electrode. The volume of the sample solutions 
was 50 ml. With PalmSens4, all three electrodes were integrated into the sensor, 
the pseudo-reference painted with silver ink and the counter and working made 
from the SWCNT network. The sample volumes were 40 μl. 
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Figure 1.5. The three-electrode systems used throughout the thesis. The reference (RE), counter 
(CE) and working (WE) electrodes immersed in the sample solution in an electrochemical cell 
(left) and integrated into the sensor strip (right). Potential is applied between working and refer-
ence electrodes and the current flows between working and counter electrodes. Figure on the left 
adapted with permission from [32].  

Cyclic voltammetry 
Cyclic voltammetry (CV) was used as the method for basic electrochemical char-
acterization of the fabricated ta-C and SWCNT based electrodes. In Publication 
I, the water window of the ta-C/Nafion electrode was determined by CV in phos-
phate buffered saline (PBS, 0.01 M, pH 7.4) with a scan rate of 500 mV/s. In 
addition, CV was employed in studying the electrochemical properties of the 
SWCNT electrodes with and without a Nafion coating and to demonstrate the 
charge-exclusion properties of Nafion. Two outer-sphere redox probes, hex-
aammineruthenium(III) chloride (Ru(NH3)62+/3+) and potassium hexachloroir-
idate(IV) (IrCl62-/3-) as well as an inner-sphere probe potassium hexacyanofer-
rate(III) (Fe(CN)64-/3-) were measured with 1 mM concentration in 1 M KCl 
(Merck Suprapur) with several scan rates. In Publication V, CV was also used to 
study the double-layer capacitance and the oxidation mechanism of fentanyl.   

 
Differential pulse voltammetry 
The detection of all drug molecules, metabolites and interferents was conducted 
with differential pulse voltammetry (DPV). The measurements in buffer were 
done in PBS and for the measurements done in a glass cell the buffer solution 
was deoxygenated by keeping the cell at N2 overpressure. The scan rate in all 
DPV measurements was 20 mV/s. Different accumulation times were used in 
different experiments, the time that the system was kept at open circuit poten-
tial ranging from 0 min to 15 min. Other measurement parameters, including 
pulse amplitude, were optimized individually for each analyte. 

1.3.4 Preparation of biological samples  

For measuring analytes in blood plasma, expired human plasma (Octoplas AB, 
Sweden) was acquired from the blood center of HUSLAB (Finland). The re-
ceived plasma was diluted either 2x (Publication I) or 10x (Publication II) in 
PBS. Human capillary blood samples were collected from volunteers within the 
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research group. The samples were measured on-site without protein precipita-
tion or any other additional treatment. The samples were only minimally diluted 
due to spiking of analytes. 
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2. Theoretical foundation  

This chapter introduces the key concepts related to the studies conducted in this 
thesis. The first section briefly explains the basic principles of electrochemical 
methods and discusses the role of carbon-based materials in the field of electro-
chemical detection. The second part concentrates on detection of opioids in 
buffer and the clinical relevance and electrochemistry of each opioid morphine, 
codeine, tramadol, O-desmethyltramadol, oxycodone and fentanyl are dis-
cussed. Lastly, the field of electrochemical detection of opioids in biological ma-
trices is introduced in Section 2.3, together with the concepts of protein binding, 
Nafion as a permselective membrane and point-of-care testing for opioids. 

2.1 Electrochemical sensors 

 
Electrochemistry is a well-established and widely used method of analyte detec-
tion in a vast field of applications exploiting the reduction and oxidation of spe-
cies under certain conditions. Electrochemical sensors have been studied for de-
tection of numerous biological molecules and they provide several advantages 
for small molecule detection, including high sensitivity, selectivity, ease of use 
and fast response time. These methods have also been used for the detection of 
a multitude of different opioids. The electrochemical methods used in the meas-
urements in this study are presented in the next section. The main properties of 
ta-C and SWCNTs are also summarized.  

2.1.1 Electrochemical methods 

The experimental setup for electrochemical measurements is relatively simple, 
making this method ideal for easy-to-use point-of-care devices. Conventional 
electrochemical cells consist of a three-electrode system: the reference, counter 
and working electrodes. A potentiostat is used for applying a potential differ-
ence between the working and the reference electrode and current is measured 
between the working and the counter electrode.  

The most commonly used reference electrode is a silver-silver chloride 
(Ag/AgCl). A Ag/AgCl electrode usually consists of a silver wire coated with solid 
silver chloride immersed in a saturated KCl/AgCl solution in a glass tube. Dur-
ing measurements, there is no current running through the reference electrode, 
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keeping the electrode potential constant. To minimize the ohmic loss in the sys-
tem, the electrode is placed in a Luggin capillary to have it as close to the work-
ing electrode as possible. In addition, so called pseudo- or quasi-reference elec-
trodes are also used. These can be as simple as a metal wire, i.e., a platinum or 
a silver wire, or screen-printed silver ink. While these electrodes can be fairly 
easily miniaturized, they also suffer from potential shifts during measurements, 
long run-in times for the potential to stabilize and short lifetimes [33,34]. Fur-
thermore, large fluctuations in chloride concentration have been shown to cause 
potential shifts in pseudo-references [14,34].    

The redox reactions during electrochemical experiments occur at the work-
ing and counter electrodes. The selectivity and sensitivity of the electrochemical 
sensor can be modified by choosing the right material for the working electrode. 
The counter electrode can be made of several different materials, the most com-
mon ones being platinum and graphite. The most important characteristic of 
the counter electrode is that its surface area is large relative to the working elec-
trode so that the current flowing through the cell is not restricted by the reaction 
occurring at the counter. In addition, the material of the counter electrode has 
to be chosen so that it does not dissolve into the electrolyte. 

The two electrochemical methods used in this thesis (see Table 1.1) are briefly 
presented next. More detailed descriptions of electrochemical methods can be 
found for example in books by Bard & Faulkner [35] and Compton & Banks [36]. 

 
Cyclic voltammetry 
Cyclic voltammetry (CV) is a convenient transient electrochemical method for 
quickly obtaining accurate information about the redox system and the elec-
trode material. In CV measurements, the potential between the reference and 
the working electrode is cycled linearly between an initial potential and a 
switching potential. An oxidation of the electroactive analyte occurs during the 
forward scan and a reduction during the reverse scan.  

 
Differential pulse voltammetry 
In differential pulse voltammetry (DPV), the potential function applied to the 
system is a superimposition of a linear sweep and a staircase. The current is 
measured just before and at the end of each step and the recorded signal is the 
difference between these two currents. This approach gives the electrical double 
layer enough time to rearrange, thus reducing the contribution of the capacitive 
or charging current to the total current response. The role of the background 
current and the signal-to-noise ratio can be tuned by adjusting the different pa-
rameters of the potential function.    

2.1.2 Materials for electrochemical sensors 

Electrochcemical sensors for small molecule detection employ a wide range of 
materials including noble metals, polymers and various allotropes of carbon. 
For a single-use point-of-care sensor designed to be used in vitro, the most im-
portant requirements for the electrode material are fast response time (facile 
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electron transfer), high enough sensitivity and selectivity as well as reproduci-
bility.  

Carbon nanomaterials, including ta-C and SWCNTs, are an especially attrac-
tive group of materials for electrochemical sensors, since they not only fulfill all 
the above-mentioned criteria but are also affordable, readily available, largely 
biocompatible, have wide potential windows and can be fabricated into thin 
films and miniaturized devices [37]. Due to its different hybridization forms, 
carbon is a very versatile material and its properties can be tuned by varying the 
ratio of the forms of hybridization. The electrochemical behavior of carbon na-
nomaterials is also affected by doping or different fabrication conditions, such 
as various catalyst metals. Thus, the performance of carbon-based nanomateri-
als can be individually optimized for different purposes, making them ideal for 
the detection of a range of biomolecules. The two types of carbon nanomaterials 
used in this work are briefly presented next. In addition, the role of substrate 
material in sensor strip design is discussed. 
 
Tetrahedral amorphous carbon 
Tetrahedral amorphous carbon (ta-C) is a highly sp3-hybridized form of dia-
mond-like carbon. With a high sp3 fraction [38], its bulk properties resemble 
those of diamond; ta-C is resistant to corrosion and wear and has high mechan-
ical strength. In contrast to diamond, however, ta-C has good electrical conduc-
tivity and an exceptionally wide water window [39,40], and it can easily be ap-
plied in common microfabrication processes. In addition, the electrochemical 
properties of ta-C can be modified by adjusting the sp2/sp3 ratio or by doping 
the ta-C thin films [41–44]. Recent simulation studies have also obtained new 
fundamental information on the growth mechanism of ta-C films, their surface 
structure, and the effect of density on the film structure [45,46]. 
   
Single-walled carbon nanotubes 
Single-walled carbon nanotubes (SWCNTs) were first discovered in 1993 by two 
different groups [47,48]. Due to their unique properties such as excellent elec-
trical conducitivity, large surface area and high mechanical strength, this new 
form of carbon quickly attracted the interest of those in the field of electrochem-
istry, among others. The use of CNTs in electrochemical applications during the 
past decade is presented in greater detail in, for example, the reviews by Joseph 
Wang [49] and Jacobs et al. [50]. 

SWCNTs are constructed of sp2 hybridized carbon and are essentially gra-
phene sheets wrapped into a tube-like structure. The morphology of CNTs and 
their different forms are further discussed in, e.g., a review by Delgado et al. 
[51]. In this work, SWCNTs were fabricated by chemical vapor deposition, a 
technique allowing direct deposition of SWCNT networks onto a substrate and 
further laser patterning into disposable sensor strips. The physicochemical 
properties of these networks highly depend on the chirality and dimensions of 
the tubes as well as the catalyst used in the fabrication process. In this work, we 
also observed that the substrate material and coating of the SWCNTs can affect 
the electrochemical performance of the electrode. 
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Substrate materials for sensor strips 
When fabricating electrochemical sensor strips, the selection of a suitable sub-
strate material is also important, since it may have a significant effect on the 
sensor performance. The conventioanally used glass is an attractive substrate 
material since it is chemically very inert and easily available. However, it is also 
brittle and not compatible with industrial scale fabrication processes. In con-
trast, flexible polymer materials can be fabricated inexpensively in high volumes 
by roll-to-roll processing.  

Several types of polymers have been investigated to be used in flexible elec-
tronics, such as polyethylene terephthalate (PET), polyethylene naphthalate 
(PEN), Kapton and polycarbonate (PC) [52,53]. For disposable (and wearable) 
electrochemical sensors, the properties of an ideal substrate material include 
plasticity, good mechanical strength, high solvent resistance, chemical inert-
ness, and high upper operating temperature [53]. Within these requirements, 
PEN and PET have been shown to reach the highest performance [53]. In gen-
eral, common plasticizers should be avoided when choosing the polymer mate-
rial, since these might be electrochemically active and cause interference to the 
measurements [54].     

 

2.2 Electrochemical detection of opioids 

The term opioid is generally used for molecules that bind to the opioid receptors 
in the human body. These molecules can be divided into four subcategories: en-
dogenic (produced by the human body, e.g., endorphins), opiates (alkaloids de-
rived from the opium poppy), semi-synthetic and synthetic. Examples of opiates 
include the most commonly known substances morphine and codeine, while ox-
ycodone, oxymorphone and heroin are semi-synthetic, synthetized from opium 
alkaloids. Tramadol and fentanyl, on the other hand, are examples of fully syn-
thetic opioids. Table 2.1 summarizes the chemical structures and typical thera-
peutic concentrations of the opioids covered in this thesis. 

Opioids are routinely used in clinical patient care for treatment of moderate 
to severe pain, including post-operative and chronic cancer pain [55,56]. In 
2017, opioids were prescribed more than 191 million times in the United States 
alone [6]. Unfortunately, all opioids can also cause severe adverse effects, are 
highly addictive and can cause overdose and death due to respiratory depres-
sion. In fact, the Centers for Disease Control and Prevention reported over 
46 000 opioid-related overdose deaths in the United States in 2018 [2].  

The challenge in effective but safe dosing of opioids for pain treatment is the 
highly individual responses of patients to these substances. A wide range of fac-
tors including age, sex, concomitant diseases, drug-drug interactions, bioavail-
ability and genetic differences affect the analgesic efficacy of opioids [7–9] lead-
ing to large spectrums of plasma concentrations and a need to adjust the dos-
ages accordingly for sufficient pain relief (see Table 2.1).  

While extensively used in everyday patient care, the plasma concentrations 
of opioids are not routinely measured in clinical settings. The standard method  
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Table 2.1. Chemical structures and therapeutic concentration ranges for opioids covered in this 
thesis.  

Opioid Chemical structure 
Therapeutic 

concentrations 
 Ref. 

Morphine 

 

<1 – 1000* nM  [57–60] 

Codeine 

 

80 – 500 nM  [7,61] 

Tramadol 
 

 

75 – >7000 nM  [8,62,63] 

O-desmethyl-
tramadol 

     

140 – 340 nM  [8,62–64] 

Oxycodone 

 

0.3 – 1600 nM  [59,65,66] 

Fentanyl 

 

1.8 – 27 nM  [59,67] 

* The higher end concentrations measured from cancer patients with chronic pain [58]. 

 
for determining opioid levels in plasma samples is – and has been for decades 
– liquid chromatography methods often coupled with mass spectroscopy 
[7,68,69]. These methods have several advantages, including high sensitivity 
(limits of detection for opioids in biological samples below 1 nM [62,70]), accu-
racy, and robustness. However, it is also laborious, time-consuming and re-
quires expert personnel to run. Consequently, the correct dosing of opioids cur-
rently relies on standard dosages and titration of the dosage, rendering it heavily 
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dependent on the experience of the medical staff. A simple, fast and accurate 
method for measuring opioid concentrations in blood would, at best, reinforce 
efficacious and safe pain management as well as allow swift diagnosis of opioid 
overdosing in critical situations.  

Electrochemical methods have already been shown to be able to detect a wide 
range of opioids especially in buffer solutions. When properly optimized, this 
fast, selective and sensitive approach has a real potential to be applied in the 
above-mentioned scenarios in detection of opioids. The next section briefly de-
scribes the main characteristics of morphine, codeine, tramadol, oxycodone and 
fentanyl with a focus on their electrochemical detection. For more detailed in-
formation on opioid metabolism and pharmacology, the reader is advised to re-
fer to more comprehensive reviews by, e.g., Trescot et al. [71] and Smith et al. 
[9].   

2.2.1 Morphine and codeine 

Morphine (MO) belongs to the group of opiates and was first isolated from an 
opium poppy plant in the beginning of the 19th century. It is a strong analgesic 
used to treat moderate to severe pain and is especially recommended for cancer 
pain management [55,72]. Morphine is also the standard opioid to which anal-
gesic efficacy of other opioids is compared.  

The main metabolites of morphine are the two glucuronides, morphine-3-
glucuronide (M3G) and morphine-6-glucuronide (M6G). Figure 2.1 shows the 
chemical structures of these molecules with glucuronidation at either the 3- or 
the 6-carbon of morphine. From the two, M3G is more abundant in plasma but 
not pharmacologically active whereas M6G is active and an even more potent 
analgesic than morphine but only present in low concentrations [72–74]. The 
ratios between the maximum plasma concentration of morphine and those of 
M3G and M6G are approximately 20-25:1 and 2.5-10:1, respectively [60,72]. 
Currently, there are no reports on electrochemical detection of these glucuron-
ides. However, since they contain the same functional groups as those of mor-
phine, it is highly likely that they oxidize around the same potential range and 
thus should be considered as possible interferents for measuring morphine in 
biological samples.  

 

 

Figure 2.1. Chemical structures of morphine-6 and morphine-3-glucuronides. 
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Codeine (CO), another opium alkaloid, is a weaker opioid, frequently used both 
as a mild analgesic and as antitussive. The two opiates only differ from each 
other by one methyl group in their chemical structure (see Table 2.1) but have 
very different modes of action. While morphine can directly bind to the opioid 
receptors, codeine is a so-called prodrug, meaning that it has to be metabolized 
in the body into its main active metabolite morphine to convey its analgesic ef-
fect [7,61]. Upon administration, codeine is metabolised into morphine by the 
enzyme cytochrome P450 2D6 (CYP2D6) as illustrated in Figure 2.2. Genetic 
differences in the CYP2D6-gene encoding the enzyme cause high variations in 
the elimination half-life, and thus the safety and efficacy, of codeine as an anal-
gesic [7].  

 

Figure 2.2. The metabolism of CO into MO by the CYP2D6 enzyme. Dashed circle indicates the 
functional group that has been oxidized by the CYP2D6 enzyme. 

The electrochemical determination of morphine is most often based on its char-
acteristic oxidation peak around 0.3 – 0.4 V [75–83], commonly agreed to be 
the result of oxidation of the 3-hydroxy group [76]. This peak is not seen for 
codeine since its 3-carbon carries a methoxy group instead of a OH-group. Both 
morphine and codeine, however, contain an aliphatic tertiary amine that is 
known to be oxidized at higher potentials, around 0.8 – 1.2 V depending on the 
electrode material [76,83,84]. In some cases, the resulting secondary amine can 
be further oxidized leading to two separate peaks for the amine group [73,81–
84]. 

Other functional groups suggested as potentially responsible for the electro-
chemical response of morphine and codeine are the OH-groups at the 6 carbon 
[84,88,89] and the methoxy for codeine at 3-carbon [84]. In general, however, 
it is very challenging if not impossible to explicitly assign oxidation peaks to 
specific functional groups without extensive studies and should always be con-
sidered individually for each electrode material. 

Some selected studies on electrochemical detection of morphine and codeine 
either separately or simultaneously with carbon-based electrodes are listed in 
Table 2.2. The peak potentials, linear ranges and limits of detection are given 
for morphine and codeine measured in PBS in pH 7. It should be noted that 
although many of these studies in Table 2.2 present excellent results for detec-
tion of the analytes in buffer solution, it is not a definite indication of similar 
successful performance in biological matrices, as is further discussed in Section 
2.3. 
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2.2.2 Tramadol and O-desmethyltramadol 

Tramadol (TR) is an unusual opioid analgesic in that it acts through both the 
opioid-receptor mediated pathway as well as through inhibiting neurotransmit-
ter reuptake in the central nervous system. Tramadol itself has only weak affin-
ity to opioid receptors and the opioid activity is mainly mediated through the 
metabolite O-desmethyltramadol (ODMT) [90]. The parent drug, on the other 
hand, inhibits the reuptake of serotonin and norepinephrine and thus hinders 
the transmission of pain signals in the spinal cord [91]. The metabolism from 
TR into ODMT is mediated through the same enzyme, CYP2D6, as is the con-
version of CO into MO (Figure 2.3). 

 

 

Figure 2.3. The metabolism of TR into ODMT by the CYP2D6 enzyme. Dashed circle indicates 
the functional group that has been oxidized by the CYP2D6 enzyme. 

The overall analgesic potency of tramadol is about 10% of that of morphine but 
it is still frequently used for acute pain management, neuropathic pain and post-
operative care [64,92,93]. As with the conversion of codeine into morphine, tra-
madol is also metabolized into O-desmethyltramadol by the polymorphic en-
zyme CYP2D6, making its analgesic efficacy highly individual [8,64,94]. 

A wide variety of different electrode materials have been shown to be able to 
detect tramadol in buffer with theoretical detection limits below the nanomolar 
range [95–102]. Tramadol frequently gives a single oxidation peak at around 
0.7 – 0.9 V, attributed to oxidation of its aliphatic tertiary amine group. Being 
able to simultaneously detect tramadol and its main metabolite would give use-
ful insight into the highly varying metabolic rates of tramadol in patients. This 
information could, in turn, be used for identifying the different metabolizer 
types and thus fine-tuning tramadol dosing in clinical patient care. However, 
there are currently no reports on electrochemical detection of O-desmethyltra-
madol other than Publication II presented in this thesis. 

2.2.3 Oxycodone  

The chemical structure of the semi-synthetic oxycodone (OXC) is similar to 
morphine and it has shown to provide a comparable level of analgesia to mor-
phine [103,104]. As with morphine, oxycodone is also used for treatment of 
moderate to severe pain for both acute and chronic cancer pain. However, the 
pharmacokinetic properties of these two opioids are very different.  

Oxycodone undergoes rather complex metabolism and has multiple oxida-
tive and reductive metabolites [65,105]. The main metabolite is noroxycodone, 
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oxidized by the CYP3A4 enzyme, further metabolized into another major me-
tabolite by CYP2D6, noroxymorphone. A minor metabolite, oxymorphone, is 
present only in small concentrations after oxycodone administration, but it is 
an active opioid receptor agonist and is also used as an analgesic on its own. The 
structures and metabolic pathways of the main metabolites are illustrated in 
Figure 2.4. None of these metabolites, however, have a significant role in the 
overall analgesic effect of oxycodone, but the parent drug seems to be solely re-
sponsible for the opioid activity of the drug [105].  

 

Figure 2.4. The main metabolic pathways of OXC. Dashed circles indicate the functional groups 
that have been oxidized by the CYP2D6 or CYP3A4 enzymes. 

As with other opioids, the pharmacokinetic profile of oxycodone varies between 
individuals [9,66]. Studies have shown that a single dose of oxycodone may re-
sult in a wide range of plasma concentrations in patients [106] and reaching 
sufficient analgesia after surgery can require plasma concentrations between 
0.3 and 100 nM depending on the patient [66].  

Despite it being one of the most extensively used opioids in clinical patient 
care worldwide, oxycodone is the least studied in the field of electrochemistry. 
There are currently only two reports on electrochemical detection of oxycodone 
in the literature [85,107] in addition to Publication IV presented in this thesis. 
Moreover, no studies can be found on the electrochemical behavior of any of the 
metabolites apart from the study conducted in this thesis.  

2.2.4 Fentanyl 

Fentanyl (FEN) is a highly potent synthetic opioid, approximately 50 – 100 
times of that of morphine [67]. It is used to treat severe pain and is usually ad-
ministered either transdermally or transmucosally due to its very low oral bioa-
vailability [67]. Due to its exceptionally high potency, average plasma concen-
trations of fentanyl are extremely low, the highest reported levels being in the 
range of 100 nM in acute poisonings [108–110]. This property, unfortunately, 
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has also made fentanyl one of the most fatal opioids in recent years. According 
to a report by the Center for Disease Control and Prevention, fentanyl was in-
volved in over half of the opioid-related overdose deaths in the United States in 
2016 [111]. 

The increasing use of fentanyl has also prompted a noticeable boost in the 
number of publications on electrochemical detection of fentanyl during the past 
couple of years. Fentanyl has been electrochemically studied with several differ-
ent carbon-based sensors [112–117], including a wearable glove-based sensor 
[118] and a wearable microneedle sensor array [119]. The oxidation mechanism 
of fentanyl has been suggested to involve oxidation of the tertiary amine, result-
ing in the formation of norfentanyl and an aldehyde [113,120]. In the studies 
mentioned above, the detection limits vary between 100 nM and 10 μM and 
while these are quite sufficient for forensic applications, they are still inadequate 
for monitoring plasma levels in clinical settings. The detection limit of 11 nM 
obtained in Publication V is already slightly closer to the required sensitivity but 
is still only measured in buffer solution.  

2.3 Electrochemical detection in biological matrices 

Electrochemical detection of small amounts of analytes in biological matrices is 
inherently challenging due to the vast range of electroactive molecules already 
present in biological fluids. These molecules especially interfere with the detec-
tion of low concentrations of pharmaceuticals since they often contain similar 
functional groups and thus oxidize at similar potentials as the analytes of inter-
est. In addition, the concentrations of common interferents such as ascorbic 
acid (vitamin C) and uric acid are considerably higher than those of analgesics 
such as opioids. While opioids can only reach maximum plasma concentrations 
in the range of 1 μM, the usual plasma levels of ascorbic acid and uric acid are 
around 100 – 500 μM [121,122]. 

Another challenge that biological matrices pose on the electrode is biofoul-
ing. The exposure to agents such as proteins and amino acids in biological fluids 
can lead to passivation of the electrode, including decreased sensitivity, poor 
repeatability, and overall failure in the electrochemical performance of the elec-
trode [123]. Electrode fouling is often a major hurdle especially in using elec-
trode materials with hydrophobic surfaces since they further promote interac-
tions with the naturally hydrophobic proteins. Protein adhesion onto the surface 
can result in a barrier layer between the electrode surface and the electrolyte 
solution, thus inhibiting electron transfer to the surface [124]. Unfortunately, 
this is often a challenge with many carbon-based electrodes as well, since the 
surface properties for many of them, including ta-C and SWCNTs, are strongly 
hydrophobic. However, both of these challenges can be addressed by an addi-
tion of a suitable protective layer on top of the electrode structure, as will be 
discussed in Section 2.3.2 and Chapter 3.  

In addition to playing a part in inducing biofouling, proteins in biological flu-
ids also interfere with concentration determinations of pharmaceuticals by an-
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other mechanism. Proteins are capable of binding some portions of most phar-
maceuticals, including opioids. From the pharmacokinetics point of view, this 
is an important aspect since it is known that only the free, unbound fraction of 
a given drug can bind to its target receptors and convey, for example, in the case 
of opioids, its analgesic effects [125]. Consequently, it is also relevant to take the 
plasma protein binding into account when designing measurement methods for 
drug concentration determination in biological samples.  

2.3.1 Protein binding of opioids  

Plasma protein binding of drugs has been largely studied in the 1970’s and 
through the 1990’s. The degree to which each opioid binds to proteins in body 
temperature varies largely: for example the percentage of protein binding can 
be as low as 20% for morphine [126–129] while for fentanyl it can be well above 
80% [127,130,131]. Table 2.3 summarizes the degree of protein binding meas-
ured in body temperature (37°C) and room temperature (23-25°C) for opioids 
covered in this thesis. 

Table 2.3. The degree of protein binding of selected opioids in body temperature and room tem-
perature (RT).  

Opioid Degree of 
protein bind-

ing (37°C) 

Degree of 
protein 

binding (RT) 

Refs. 

Morphine 20 – 36% 31 – 47% [126–129,132] 

Codeine 22 – 29% 55 – 56% [128,129] 

Tramadol - (20)*35 – 46% [133] 

O-desmethyltra-
madol 

- 82 – 84% [133] 

Oxycodone 45 – 46% 38** – 54%  [126,132] 

Fentanyl 70 – 84% 67 – 99.8% [127,130–132,134] 

* The value of 20% is only indirectly calculated in [135]. However, it is the most frequently cited value for 
protein binding of TR. 
**The value was given with a standard deviation of 18.1 [132]. 

 
The affinity of a drug molecule to proteins is mainly determined by the chemical 
properties of the molecule, including its hydrophobicity and acidic or alkaline 
nature [127,134]. It has been shown that opioids mostly bind to the protein al-
bumin but can also bind to other proteins such as glycoproteins and lipoproteins 
[130,134,136]. In addition, some studies have investigated the possibility of opi-
oids binding to erythrocytes (red blood cells) [73,130]. Both studies, however, 
also showed that at least in the case of morphine [73] and fentanyl [130] only a 
minor difference in the total concentration measured in whole blood and in 
plasma was observed.  

When measured in vitro, other factors such as temperature, high analyte con-
centration, freezing, dilutions of the matrix and changes in pH can also affect 
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opioid protein binding [126,127,130,131]. Unfortunately, the studies conducted 
on protein binding rarely specify all these experimental conditions and often it 
is not clear whether some of these parameters change during sample prepara-
tion and analysis. In addition, the reported binding percentages for drug mole-
cules have often been determined by various analytical methods, which can also 
affect the obtained results. Thus, the values listed in Table 2.3 should only be 
considered indicative and the experimental parameters mentioned above 
should be carefully reviewed when determining the relevant range of protein 
binding for a given drug molecule.  

2.3.2 Nafion as permselective membrane 

A common strategy to increase selectivity and prevent biofouling of the elec-
trode is to coat the sensor with a permselective polymer membrane. The pur-
pose of such a membrane is to selectively allow some molecules to reach the 
surface of the electrode while blocking others, including unwanted fouling 
agents, away from the surface. Examples of polymers used as a protective layer 
include polyvinylcloride [115], chitosan [137], poly(3,4-
ethylenedioxythiophene) (PEDOT) [77], polypyrrole [138] and Nafion [139]. In 
this thesis, Nafion was found to have the most suitable properties as a perm-
selective membrane for the detection of opioids.  

Nafion is a conductive polymer with a fluorocarbon backbone and sulfonated 
side groups [140]. When forming a film from a solution, Nafion spontaneously 
separates into hydrophobic and hydrophilic regions forming a heterogenous 
membrane with nanosized hydrophilic channels coated with negatively charged 
sulfonic groups. In a recent study on the 3D structure of thin Nafion mem-
branes, the diameter of these channels was found to be in the range of 3 – 6 nm 
for film thicknesses between 10 and 100 nm [141]. In addition, this study 
showed that the ratio of these hydrophobic/hydrophilic segments inside the 
films are somewhat thickness dependent, ranging from 0.65/0.35 to 0.7/0.3 for 
film thicknesses of 100 nm and 10 nm, respectively. The membranes were im-
aged with scanning transmission electron microscopy (STEM) tomography and 
Figure 2.5 A shows a reconstruction from cross-sections of the 100 nm thick 
Nafion films. Figure 2.5 B shows a close-up of the nanosized interconnected 
channels inside the membrane. 

The sulfonic groups give Nafion its ion-exchange properties, allowing cati-
onic molecules to diffuse through while blocking anionic species away from the 
membrane [139]. In fact, it has been shown that Nafion not only favors them 
but also enriches cations, especially hydrophobic ones, underneath the polymer 
layer [142,143]. A schematic representation of a Nafion film on top of an elec-
trode surface is given in Figure 2.6 to illustrate the permselective nature of these 
membranes.  
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Figure 2.5. Scanning transmission electron microscopy (STEM) tomography reconstructions of a 
100 nm thick Nafion membrane. (A) Overview of the Nafion membrane and (B) close-up of the 
interconnected nanosized channels inside the film. Adapted with permission from [141].  

On the other hand, even a very thin layer of Nafion can be enough to signifi-
cantly reduce permeation of anionic molecules through the film [139]. It should 
be noted, however, that the filtering properties of the film are largely affected by 
any modifications and materials added to the structure [139,144]. The perfor-
mance of the film is also affected by other factors such as coating method (e.g., 
dip-coating, drop casting or slot-die coating) [144], high-temperature curing 
[145–147], state of hydration [140], thickness [148] and the presence of pinholes 
extending through the film [147]. 

In addition, the Nafion solution used for preparing the film can have differ-
ent properties that, in turn, contribute to the behavior of the final membrane. 
The commonly used characteristic value is so-called equivalent weight (EW), 
describing the density of the sulfonic sites in the Nafion molecule (number of 
grams of dry polymer per moles of SO3). The inverse of this value is called acid 
capacity – the larger the capacity the higher the sulfonic group density. The so-
lutions also have variations in their solvent composition and water and polymer 
content. It is highly important that all of the above-mentioned factors are taken 
into account when designing a Nafion film for specific applications.  

The permselectivity of Nafion has been proven especially useful in electro-
chemical measurements in biological matrices. Conveniently, the most abun-
dant and often challenging interferents in biological fluids, ascorbic acid (AA) 
and uric acid (UA), are mostly in anionic form in physiological conditions (pKa  

 

Figure 2.6. A schematic representation of the permselective properties of a Nafion membrane.  
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values 4.7 and 5.6, respectively) and thus can be effectively eliminated from the 
electrode surface by Nafion [75,139,149,150]. Moreover, Nafion has also been 
shown to decrease the overall interference from biological matrices and enable 
detection of small molecules in real samples [75,149,151–153]. 

In this thesis, Nafion was selected as a suitable coating on the carbon-based 
electrodes specifically for its well-known cation-exchange properties. At physi-
ological pH, all opioids are in cationic form (the pKa-values for opioids range 
approximately between 8 and 10) and thus are able to go through the Nafion 
film. Another valuable property of Nafion for conducting measurements in bio-
logical samples is its antifouling nature [154]. The surface of un-annealed 
Nafion thin films has been shown to be hydrophilic [146], which might contrib-
ute to it inhibiting protein adsorption onto the surface. Moreover, it was ob-
served in a related study that Nafion significantly stabilizes the potential of a 
pseudo-reference Ag electrode [14]. The specifications of the two different types 
of Nafion solutions used in this study are listed in Table 2.4. The implications of 
the different properties on the filtering behavior of Nafion are discussed in Sec-
tion 2.3. 

Table 2.4. Specifications of the two different Nafion solutions, Sigma 117 and Alfa D520, used in 
this thesis.   

Nafion Sigma 117 Alfa D520 

Polymer content (wt%) ~5 ~5 – 5.4 

Water content (wt%) 15 – 25 42 – 48 

Methanol (wt%) 1 – 5 - 

Ethanol (wt%) - <4 

Other solvent (wt%) 1:1 mix of 1-propa-
nol & 2-propanol 
(remaining wt%) 

1-propanol (45 – 51) 

EW 1100 1000 

Publications used I, II, III, VI IV 

2.3.3 Detection of opioids in real samples  

Despite the challenges discussed above, there are numerous publications in the 
literature that demonstrate electrochemical detection of opioids in biological 
matrices such as blood serum, plasma and even whole blood. However, to work 
around the issues caused by the complexity of biological fluids the majority of 
studies on opioid detection use extensive sample treatment. The proteins are 
often first removed by protein precipitation, the sample considerably diluted 
with buffer and then spiked with the target analyte.  

Another matrix often used for assessing the applicability of the sensor in real 
samples is urine. This is also a convenient matrix since it lacks most cells and 
proteins that are present in blood. However, for a point-of-care device applica-
tion, urine as a sample matrix is considered undesirable for practical reasons. 
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On the other hand, capillary blood samples can be acquired relatively easily and 
with minimal invasiveness by finger-prick sampling, making whole blood one of  
the most suitable sample matrices for bedside testing from the practical point 
of view. 

Table 2.5 gives an overview of selected studies with carbon-based electrodes 
on electrochemical detection of opioids in blood serum, plasma and whole 
blood. This table demonstrates the common practices used for sample treat-
ment in opioid detection in biological matrices. The majority of these studies 
use plasma and serum as their measurement matrix. These samples are first 
prepared from whole blood samples by centrifugation for 10 – 15 min [155] and 
an additional 30 – 60 minutes of waiting for high-quality serum samples [156]. 
Proteins are then removed by a precipitation agent (e.g., ammonium hyposul-
fate (NH₄)₂SO₄, methanol, perchloric acid HClO4 or acetonitrile) and centrifu-
gation, followed by dilution of the matrix 5 – 500 times. In some studies, the 
extent of the dilution is not specified, making comparison to other results chal-
lenging. The whole pretreatment process takes a minimum of 45 minutes to 
more than an hour to complete. 

It should be noted that there is a significant difference between the theoreti-
cal detection limit obtained in PBS and the lowest detected concentration in the 
biological matrix. While some of the studies report extremely low detection lim-
its down to the nanomolar or even picomolar range in PBS, the concentrations 
measured in biological samples – although heavily pretreated – still stay in the 
range of μM. This discrepancy clearly shows that there are still some issues re-
lated to electrochemical detection in protein-right matrices that remain to be 
solved.  
In this light, it is not very surprising that there is currently only one report in 
the literature on electrochemical detection of opioids in untreated whole blood 
[115] in addition to Publication VI presented in this thesis. While in both of these 
studies the lowest detected concentration of the analyte in the matrix is still 
around the higher end of clinical relevance, they still demonstrate successful 
determination of low levels of opioids in an extremely challenging biological ma-
trix. However, from a clinical point of view, it would be highly desirable to be 
able to take the detection of pharmaceuticals in real samples even further and 
apply it to easy-to-use, fast response time, cost effective devices. The next sec-
tion will discuss some recent developments in the field of electrochemical point-
of-care devices for opioids. 
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Table 2.5. Selected studies on electrochemical detection of opioids in biological matrices with 
carbon-based electrodes. 

Electrode  Biolog-
ical  
matrix 

LOD in 
PBS 
(μM) 

Lowest 
detected 

in ma-
trix 

(μM) 

Sample treat-
ment 

Ref. 

Morphine      

M-CNFs/CPE Serum 0.0019 50 Precipitation 
((NH₄)₂SO₄), cen-
trifugation, dilu-
tion 

[80] 

CMNP–CPE Serum 0.003 10 Precipitation 
(methanol), cen-
trifugation, dilu-
tion 

[78] 

Zn2SnO4–GO/CPE Plasma 0.011 2 Precipitation 
(HClO4), centrifu-
gation, dilution 5x 

[157] 

RhNs-MC modified 

GCE 

Serum 0.04 0.2 Precipitation 
(methanol), dilu-
tion 

[158] 

Nafion/SWCNT on 

glass 

Plasma 0.071 1 Dilution 2x Publi-

cation I 

Nafion/SWCNT strip Whole 

blood 

0.48 0.5 Minimal dilution 
(due to spiking) 

Publi-

cation 

VI 

Codeine      

CoFe2O4/Gr/CPE Plasma 0.011 1 Precipitation 
(HClO4), centrifu-
gation, dilution 
20x 

[89] 

Pt/PSi–CILE Serum 0.02 1 Precipitation 
(HClO4), centrifu-
gation, dilution 5x 

[159] 

Nafion/SWCNT on glass Plasma 0.277 1 Dilution 2x Publi-

cation I 

Tramadol      

GO-MWCNTs/CPE Plasma 0.00015 15 Dilution 500x [102] 

g-C3N4/Fe3O4 Plasma 

& serum 

0.1 5 Dilution 100x [100] 

Nafion/ta-C Plasma 0.131 5 Dilution 10x Publi-

cation 

II 

Oxycodone      

PMF/GO-GCE Plasma 0.002 1 Precipitation 
(HClO4), centrifu-
gation, dilution 10x 

[107] 

CFCPE Plasma 0.05 1 Precipitation 
(HClO4), centrifu-
gation, dilution 

[85] 

Fentanyl      

GCE/CNO Serum 0.3 5 Ultrafiltration, di-
lution 10x 

[114] 

Zn(II)- MOF/SPCE Plasma 0.3 4 Dilution 10x [117] 
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MWCNTs-GCE Serum 0.1 0.7 Precipitation (ace-
tonitrile), centrifu-
gation 

[113] 

PVC/erGO/Au/CNT-CP Whole 

blood 

0.00218 0.1 Small dilution (due 
to spiking)  

[115] 

      

M-CNF: Magnetic carbon nanofiber; CPE: Carbon paste electrode; CMNP: Chitosan-coated magnetic 
nanoparticle; GO: Graphine oxide; RhN: Rhodium nanoparticle; MC: Mesoporous carbon; GCE: Glassy 
carbon electrode; PSi: Porous silicon; CILE: Carbon ionic liquid electrode; MWCNT: Multi-walled carbon 
nanotube; g-C3N4: Graphitic carbon nitride; PMF: Polyamine formaldehyde; CF: CoFe2O4 nanoparticles 
modified; CNO: Carbon nanoonions; MOF: metal–organic framework; SPCE: Screen-printed carbon 
electrode; PVS: Polyvinylchloride; erGO: Electrochemically reduced graphene oxide; CP: Carbon paste. 

2.3.4 Point-of-care testing for opioids 

Point-of-care (POC) testing is defined by the International Organization for 
Standardization (ISO) as “testing that is performed near or at the site of a pa-
tient with the result leading to possible change in the care of the patient” [160]. 
Following this definition, the criteria for a POC test are simplicity, ease-of-use, 
fast response time, affordability and high accuracy [161].  

The era of modern POC testing began in the 1960’s when Yalow and Berson 
famously discovered the possibility of using antibody-antigen pairs for detec-
tion of substances in human blood and the first immunoassay was developed 
[162]. Since then, POC tests have expanded to cover a wide range of target ana-
lytes and applications, including glucose monitoring, pregnancy tests, infectious 
disease tests, cardiometabolic monitoring, cancer marker testing and drugs of 
abuse testing.  

The POC devices developed for these applications use a variety of technolo-
gies ranging from simple dipsticks for urine testing to complex antibody-based 
microfluidic systems [161,163]. Similarly, several different detection methods 
are implemented, the leading ones currently in the market being optical and 
electrochemical detection [163].  

Optical methods include fluorescence, chemiluminescence and colorimetric 
POC-tests, including the well-known pregnancy test strips. While effective in 
some applications, optical methods often require a label attached to the analyte 
as well as additional equipment needed for signal detection translate the system 
from qualitative to quantitative. In addition, extensive sample treatment may 
be necessary to eliminate unwanted background noise [164]. Thus, optical 
methods are not always the optimal choice for simple and quantitative POC test-
ing of pharmaceuticals.  

The most widely known example of a POC test based on electrochemical de-
tection is the blood glucose test. The advantages of electrochemical detection in 
POC testing are its simple instrumentation, miniaturizability and applicability 
in quantitative and label-free analysis. For opioid detection, a number of POC 
tests are already commercially available [10]. Unfortunately, almost all of these 
tests can only provide qualitative information, since the majority of them are 
based on lateral flow assays that traditionally have only been able to determine 
whether the sample is negative or positive towards a certain analyte. While, as 
mentioned above, these assays could theoretically be made quantitative by using 
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a separate reader, e.g., a smartphone [165], a scanner [166], or a barcode reader 
[167], to analyse the intensities of the test lines, these devices have not yet been 
commercialized for opioid detection. According to an extensive review by Li et 
al. [10], only one quantitative method for opioid detection is currently in the 
market [168,169].    

In addition, currently the majority of commercially available POC tests for 
opioids use either urine or saliva as as their sample matrix, neither of which are 
considered ideal for opioid POC testing. The issues related to measuring opioids 
from urine include challenges related to sample collection in emergency situa-
tions, poor correlation between opioid levels in urine and blood and high varia-
bility in urine composition and metabolite concentrations between patients 
[170]. Saliva, on the other hand, is usually easier to collect from patients and 
could be used as a sample matrix for detection of some opioids. However, while 
the correlation between saliva and blood concentrations seems to be high for 
some opioids such as morphine and fentanyl, this is not true for other opioids, 
including oxycodone [59].  

Another potential matrix for opioid detection is sweat, used for example in 
commercially available opioid screening patches [171]. These are especially use-
ful for long-time drug monitoring, since they are non-invasive and can be worn 
for days at a time. The sweat patch in itself, however, is not a fast POC test, since 
the analytes absorbed by the patch still need to be analyzed by standard analyt-
ical methods. Moreover, it is not clear whether any correlation can be found be-
tween given opioid doses and the detected concentration in sweat [171–173]. 
Thus, while sweat can be used for qualitative monitoring of opioid use, it is not 
a suitable matrix for quantitative POC detection with currently available tech-
nologies.     

Unfortunately, as was discussed in Section 2.3.3, while quantitative POC de-
tection of pharmaceuticals in blood samples is the ultimate goal, the complex 
matrix still remains to challenge the current technology. However, it is clear that 
the aim is to work towards this goal and there are some recent reports in the 
literature that have developed POC-type solutions for opioid detection, includ-
ing screen-printed disposable sensors [82,95,97,99,112,116,117,174], a mi-
croneedle array [119] and an implantable microcatheter [115]. Although the con-
centrations detected in these studies are still not quite as low as is required for 
clinical applications, they still pave the way toward functional opioid POC tests. 
Some examples of commercially available POC devices for opioid detection 
along with several studies reported in the research literature are listed in Table 
2.6. The table lists examples of POC-type devices using different analytical tech-
nologies and with a total detection time of less than 10 minutes. A more com-
prehensive list along with informative illustrations of the different test types 
(e.g., urine cup, dip card, saliva swab) can be found in [10]. 
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Table 2.6. Examples of commercially available POC devices and ones reported in the research 
literature for opioid detection with total detection times less than 10 minutes.  

Test type Technology Qual./ 
Qnt. 

Sample Nro of 
analytes 

Company / 
Ref. 

Commercially  
available 

     

Urine cup, dip card LFA Qual. Urine 5 – 13 
(s)* 

Abbott 

Urine cup, dip card, 
saliva swab 

LFA Qual. Urine/ 
saliva 

6 – 14 (s) DrugTests- 
InBulk.Com 

Urine cup, dip card, 
cassette, saliva swab  

LFA Qual. Urine/ 
saliva 

5 – 7 (s) Securetec 

Fingerprint cartridge 
+ fluorescence reader 

LFA Qual. Sweat 8 (4 s)  Intelligent  
Fingerprinting 

Microfluidic p-BNC 
cartridge + fluores-
cence reader 

Microfluidic  
lab-on-a-chip 
 

Qnt. Urine 12 (4 s) SensoDX,  
LLC. Inc, 
[168,169]   

In research  
literature 

     

Lateral flow test strip 
+ colorimetric reader 

LFA Qnt. Urine 1 [175] 

Lateral flow test strip 
+ smartphone-based 
reader 

LFA Qnt. Saliva 16 [165] 

Competitive volumet-
ric bar-chart chip 

Microfluidic  
lab-on-a-chip 

Qnt. Urine, 
serum, 
blood 

6 (s) [176] 

Disposable strip Electrochemical 
sensor 
(MoWS2/CSPE)  

Qnt. Urine 2 (s) 
 

[95] 

Disposable strip Electrochemical 
sensor  
(Yb2O3-SPE) 

Qnt. Urine, 
serum 

2 (s) [99] 

*s = simultaneously. 
Qual.: Qualitative; Qnt.: Quantitative; LFA: Lateral flow assay; p-BNC: programmable bio-nano-chip; 
MoWS2/CSPE: Molybdenum tungsten disulfide carbon screen-printed electrode; Yb2O3-SPE: Ytterbium-ox-
ide screen-printed electrode. 
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3. Results and discussion 

3.1 Physical and electrochemical properties 

The physical structure and composistion of an electrode material greatly impact 
its electrochemical properties and its performance in detecting different ana-
lytes. Differences in the surface structure of the electrode material especially af-
fect the detection of surface-sensitive inner-sphere analytes, including opioids. 
Careful characterization of each electrode material is the key for gaining deeper 
understanding of the electrochemical behavior of analytes on the electrode and 
further optimization of the sensor for improved performance. This chapter pre-
sents the main findings from both physical and electrochemical characterization 
of the materials used in the thesis.  

3.1.1 ta-C thin films 

The detailed structure of the ta-C films has been studied elsewhere for example 
in refs [39,40,44,79,177]. In this thesis in Publication II, the 15 nm thick ta-C 
film was chosen for the detection of TR and ODMT since it has previously been 
shown to be thin enough to support facile electron transport throughout the film 
[39,40] and demonstrated the desired sensitivity toward the analytes. No adhe-
sion layers were used between the Si wafer and the ta-C film. Although it has 
been shown that the addition of a titanium adhesion layer enhances the electron 
kinetics of the electrode [40], in Publication II the Ti interlayer was seen to 
slightly decrease the water window of the ta-C electrode thus burying the oxida-
tion peaks at higher potentials. 

3.1.2 SWCNT network on glass 

The physical and chemical structure of the SWCNT network was studied with 
SEM, TEM, EDS, XPS, XAS, UV-vis and Raman. An overview of the layered 
structure of the electrode is illustrated in a SEM-image in Fig. 3.1 A. The glass 
substrate is shown at the bottom, the nanotubes in the middle and the Nafion 
coating on top of the electrode. The structure and properties of the Nafion layer 
are discussed in more detail in Section 3.1.4. 

Figures 3.1 B and C show TEM and HRTEM images of the SWCNT network 
revealing the transparent network structure of the SWCNTs as well as the iron 
catalyst particles encapsulated by a few layers of carbon. The elemental compo-
sition of the networks was studied with EDS in Pulibcation I and with XAS and 
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Figure 3.1. Physical structure of SWCNT network on glass. SEM image of the layered electrode 
structure (A) and TEM image (B) and HRTEM image (C) of the SWCNT network. XAS spectra of 
the C 1s (D), O 1s (E) and Fe 2p (F) of the SWCNTs. Adapted from Publication IV.  

XPS in Publication V. In Publication I, 93.6 ± 1.7 at% carbon, 2.5 ± 0.3 at% ox-
ygen and 1.3 ± 0.6 at% iron were found, whereas the samples in Publication V 
were found to contain 71.7 ± 0.2 at% carbon, 8.7 ± 0.2 at% oxygen, 0.1 ± 0.01 
at% iron and 19.5 ± 0.3 at% silicon. In these samples, silicon and most of the 
oxygen likely originated from partially exposed Si wafer in the sample.  

Based on a fast Fourier transform analysis of the TEM images, it was first 
suggested in Publication I that the iron nanoparticles contained both metallic 
iron and iron oxides. However, further investigations done in Publications IV 
and V proposed that the iron compound was most likely a mix of carbides and 
oxides. This hypothesis was supported by EDS analysis as well as XAS and XPS 
studies. The XAS spectra for the C 1s, O 1s and Fe 2p are shown in Figures 3.1 
D, E and F, respectively. The Fe 2p spectra indicated the presence of both me-
tallic iron as well as iron carbides and oxides in the nanoparticles. Figure 3.2 A 
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shows the XPS wide spectrum for the SWCNT network samples. The iron con-
tent was found to be at the limit of resolution for XPS and thus was addressed 
again with high-resolution XPS. The high-resolution XPS spectrum (see inset in 
Figure 3.2 A) confirmed the presence of iron in the samples and provided fur-
ther evidence of the iron carbide in the iron nanoparticles. 

 
Figure 3.2. XPS and Raman spectra of SWCNT networks. (A) The XPS wide spectrum with an 
inset of the high-resolution XPS of the F2 2p. (B) Raman spectrum with the relevant peaks as-
signed. Inset shows a magnification of the RBM peak. Adapted from Publication V. 

In addition to the composition of the iron catalyst particles, the XAS spectra also 
gave information on the surface chemistry of the nanotubes. The C 1s spectrum 
suggests high fraction of sp2-bound carbon along with clear long-range order. 
This observation was also confirmed by Raman spectroscopy, the spectrum 
shown for the SWCNTs in Figure 3.2 B with the relevant peaks assigned. The G 
band is known to be related to the graphitic sp2 carbon while the D band is as-
sociated with disorder or defects in the graphene structure. In Publication I, a 
low Id/Ig ratio of 0.021 was found for the pristine SWCNT film whereas a ratio 
of 0.105 corresponded to the Raman spectra of the Nafion/SWCNT. In publica-
tion V, on the other hand, an Id/Ig ratio of 0.102 ± 0.003 was obtained for a 
different batch of SWCNTs. These ratios are all relatively low, implying a small 
fraction of amorphous carbon – i.e., a highly sp2 bonded structure – and a low 
number of defects [178–180]. The amount of oxygen on the surface was found 
to be relatively low, a result also confirmed by EDS analysis in Publication V. 
Small peaks for some oxygen groups, including ketone or aldehyde and carbox-
yls could, however, be detected in the C 1s and O 1s spectra.   

Analysis of the Raman spectra in Publication V also revealed that the radial 
breathing mode (RBM) magnified in the inset in Figure 3.2 B corresponded to 
carbon nanotubes with a diameter in the range of 1.2 – 2.1 nm. This result was 
in good agreement with the UV-vis spectra, from which the average SWCNT di-
ameter was calculated to be 2.1 nm. The UV-vis analysis also revealed that the 
SWCNTs stored in ambient conditions seem to be susceptible to adsorption of 
atmospheric species and baking the samples in 250°C leads to dedoping of the 
network. This, however, also increases the sheet resistance more than four-fold 
– the sheet resistance of the unbaked SWCNT networks being 88 Ω/sq.  

The electrochemical properties of SWCNTs were studied in Publication I 
with CV measurements with several outer-sphere and inner-sphere redox 
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probes. Outer-sphere probes, such as Ru(NH3)62+/3+ and IrCl62-/3-, are molecules 
whose electron transfer does not depend on surface chemistry, whereas inner-
sphere probes, including Fe(CN)64-/3-, are surface sensitive and interact with the 
electrode surface [29, p. 116]. The electron transfer can be studied with CV by 
analyzing the peak potential separation ( Ep), the ideally reversible transfer 
giving a Ep of 59 mV [29, p. 241].  

The results with Ru(NH3)62+/3+ and IrCl62-/3- suggested reversible or close to 
reversible electron transfer at the uncoated SWCNT electrode with average  

Ep’s of  73 and 51 mV, respectively (at a scan rate of 100 mV/s). Moreover, 
the peak currents detected for Ru(NH3)62+/3+ were linearly proportional to the 
square root of scan rate, implicating diffusion limited reaction [29, p. 231]. The 
ratio of the anodic and cathodic peak currents Ia/Ic was 0.92 for the SWCNT and 
0.81 for Nafion/SWCNT. This could suggest that some of the oxidized 
Ru(NH3)62+/3+ is trapped inside the Nafion film, increasing the Ic in proportion 
to Ia. CV was also used for determining the double layer capacitance (Cdl) of the 
SWCNT electrode in Publication V. An average value of 10.3 ± 1.0 μF/cm2 for 
Cdl was found based on charging currents determined at four different scan rates 
(25, 50, 100 and 500 mV) in a potential window of -0.2 – 0.4 V. This value was 
concluded to be sufficiently low compared to ones for other low background cur-
rent materials such as boron-doped diamond [181]. The optical transparency 
was reported to be about 90%. 

3.1.3 SWCNT sensor strips  

The SWCNT network used in the sensor strips were fabricated on a polymer 
substrate with the same process as on glass and thus share most of the proper-
ties described in Section 3.1.2. For the sensors used in Publication VI, PET was 
chosen as the substrate material for its advantageous properties (as discussed 
in Section 2.1.2) and since it had already been shown to be compatible with the 
manufacturing process used for the electrochemical sensors [182]. A photo-
graph of the produced sensor sheet is shown in Figure 3.3.  
 

 
Figure 3.3. A photo of a SWCNT sensor and a sheet with multiple sensors fabricated on a poly-
mer substrate. 
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The sheet resistance of the strips used in Publication VI from two different 
sheets were reported to be 69.6 ± 3.6 and 53.6 ± 1.2 Ω/sq (errors given as stand-
ard deviations, n = 5) with optical transparencies of 66.5 ± 0.4% and 55.2 ± 
0.4% (errors given as typical standard deviation between 36 sheets and 341 
measurement points), respectively. In addition, the water window of the poly-
mer sensor strips was slightly smaller compared to that of the SWCNT networks 
on glass. The difference between the two at the anodic end was about 200 mV 
even after taking into account the different reference electrodes used in these 
studies. This could be due to the above-mentioned differences between the 
SWCNT networks produced on glass versus the ones fabricated on the PET sub-
strate. Alternatively, since polymer is a less inert substrate material compared 
to glass, it is possible that it affects the electrochemical properties in one way or 
another. 

Some additional characterization of similar SWCNT sensor strips to the ones 
used in Publication VI was conducted in ref [14]. The thickness of the 
Nafion/SWCNT layer produced with 2.5% Nafion was determined with SEM 
from cross-sectional samples and found to be approximately 170 nm. It was also 
seen that the nanotubes and the polymer form a composite layer at the surface 
of the electrode but that there is still a uniform Nafion layer with a thickness of 
about 65 – 75 nm on the top of this composite. For the Ag reference electrode, a 
thickness of 5.9 – 7.2 μm was determined. This result was also confirmed with 
contact profilometer measurements.    

3.1.4 Nafion properties 

Different Nafion solutions and coating methods were used in the studies in this 
thesis (see Tables 1.2 and 2.4) and thus resulted in variations in the thickness, 
properties and behavior of the films.  

In this work, the methods for applying Nafion on top of the electrodes were 
dip-coating and slot-die coating. Drop-casting was considered as an alternative 
method but was found to result in reduced repeatability and selectivity. The 
films were allowed to cure in room temperature since curing at higher temper-
atures did not lead to improved performance of the electrodes.   

In Publication I, the Nafion coating was done by dip-coating by hand in 5% 
Nafion solution resulting in a relatively thick polymer layer of 1.2 ± 0.5 μm. In 
Publication II, dip-coating 2.5% Nafion by hand gave a thickness of 460 ± 640 
nm on top of the smooth ta-C surface. The large variation in the thickness within 
the sample was due to the coating method producing significantly thicker areas 
near the edge of the PTFE film. In Publication IV, 2.5% Nafion was coated with 
a mechanical dip coater and the thickness of the membrane was determined to 
be 980 ± 48 nm in the center and about 200 nm next to the PTFE film edge. The 
sensor strips in Publication VI, on the other hand, were coated with a slot-die 
coater, a method seen to produce membranes with a thickness of only 170 nm 
with 2.5% Nafion [14].  

Noting the different thicknesses of the Nafion films is relevant since the 
thickness has been seen to affect the time that it takes for the molecules to travel 
through the film [183]. While Nafion membranes thinner than 200 nm did not 
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cause any changes in the permeability of the studied molecules, films with thick-
nesses larger than 400 nm were shown to slow down the permeation of the an-
alytes onto the electrode surface. Thus, longer enrichment times might be re-
quired for thick Nafion membranes to allow the molecules to reach the elec-
trode.  

The addition of a Nafion layer altered some of the electrochemical properties 
of the electrodes while others were unchanged. In Publication I, it was found 
that both the uncoated and Nafion-coated electrodes expressed close to reversi-
ble electron transfer, the Ep for the latter being about 71 mV in Ru(NH3)62+/3+. 
Figure 3.4 A shows CV measurements in 1 mM Ru(NH3)62+/3+ with both SWCNT 
and Nafion/SWCNT electrodes. This figure also highlights the ion-exchange 
properties of Nafion. Figures 3.4 B and C clearly demonstrate the exclusion of 
negatively charged redox probes from the Nafion/SWCNT electrode surface. In 
Figure 3.4 D, 500 μM of AA and UA are measured with the uncoated and coated 
electrodes, the oxidation peak for AA and UA being decreased by about 98% by 
the Nafion coating.  

 

 

Figure 3.4. Ion-exchange properties of Nafion on SWCNT electrodes on glass. CV measure-
ments were conducted in 1 mM Ru(NH3)62+/3+ (A)  IrCl62-/3- (B) and Fe(CN)64-/3- (C) in 1 M KCl. 
Scan rate 100 mV/s. DVP scans were recorded in 500 μM ascorbic acid (AA) and uric acid (UA) 
in PBS. Blue curves are without Nafion coating, red curves with a coating of 5% Nafion 117 
(Sigma). Adapted from Publication I. 

Similar effect was also seen in Publication II, where 0.1%, 0.5%, 1%, 2.5% and 
5% Nafion solutions were used for coating the electrode. It was shown that while 
0.1 and 0.5% seemed to form too thin of a layer to protect it from the inter-
ferents, the 1, 2.5 and 5% eliminated nearly all interference from AA and UA. 
Interestingly, another study demonstrated that when drop-casted onto a ta-C 
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surface, even a 0.1% Nafion solution was able to significantly reduce interfer-
ence from UA [139]. However, drop-casting generally results in thicker polymer 
layers than dip-coating. In the study mentioned above, a membrane drop-casted 
from 5% Nafion had a thickness of 3.6 μm in comparison to 1.2 μm measured 
for dip-coated Nafion in Publication I. 

While the outer-sphere redox probes showed similar responses on both un-
coated and Nafion-coated electrodes, the electrochemical behavior of opioids 
was largely affected by addition the Nafion membrane. The results obtained for 
detection of opioids in buffer and the significance of the Nafion film for both 
increased sensitivity and selectivity are discussed in the next section. 

3.2 Opioids in buffer 

For the detection of opioids in buffer, MO, CO, OXC and FEN were measured 
with SWCNT electrodes while ta-C was used as the electrode material for detec-
tion of TR and ODMT. All opioids except FEN were measured with bare and 
Nafion-coated electrodes. Table 3.1 summarizes the main results obtained from 
measurements in buffer, listing the electrode type, analyte, peak potentials with 
both uncoated and Nafion-coated electrodes as well as linear ranges and limits 
of detection for each opioid. The details of these studies with the different types 
of electrodes are discussed next with a focus on the effect of Nafion coating on 
the electrochemical behavior of opioids. 

Table 3.1. Summary of results from measurements of opioids in PBS with SWCNT network on 
glass electrodes. 

Electrode Analyte Peak poten-

tials w/o 

Nafion (V) 

Peak poten-

tials w 

Nafion (V) 

Linear 

range 

(μM) 

Limit of 

detection 

(μM) 

Publication I      

SWCNT on glass + 

5% Nafion 117 

(Sigma) 

MO 0.4, 0.8, 0.85, 

1.05 

0.45, 0.95 0.05 – 1  

1 – 10 

 

0.071 

 CO 0.85, 1.1 1.1 0.1 – 50 0.277 

Publication II      

ta-C + 2.5% Nafion 

(Alfa Aesar) 

TR 1.1, 1.4, 1.7  1.5 1 – 12.5 0.131 

 ODMT 0.7, 0.9 1.0 1 – 15 0.209 

Publication IV      

SWCNT on glass + 

2.5% Nafion (Alfa 

Aesar) 

OXC 0.75, 1.0 1.05 0.5 – 10 0.085 

Publication V      

SWCNT on glass 

 
FEN 0.75, 0.85 - 0.01 – 1  0.011 
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3.2.1 ta-C  

In Publication II, ta-C was used for measuring TR and ODMT since it offered a 
wide enough water window to enable simultaneous detection of the parent drug 
and its main metabolite. As can be seen from Figure 3.6, simultaneous detection 
of TR and ODMT is not possible with the SWCNT electrode due to overlapping 
peaks. On the Nafion/SWCNT, on the other hand, the peaks for TR observed at 
higher potentials at the ta-C electrode are buried under the oxygen evolution at 
Nafion/SWCNT.  

Figure 3.5 shows the DPV curves for TR and ODMT at ta-C and Nafion/ta-C 
electrodes in PBS, the insets in B and D showing the concentration current den-
sity-curves for the two analytes. In contrast with observations on the SWCNT 
electrode (see Figure 3.6) and the discussion in Section 2.2, the bare ta-C elec-
trode gives three separate oxidation peaks for TR. As concluded in Publication 
II, it is likely that the two peaks at the lowest potentials (1.1 and 1.4 V) are due 
to oxidation of the aliphatic tertiary amine group and possible further oxidation 
of the secondary amine. This conclusion was supported by studies done on the 
pH dependence of the oxidation peaks. 

 

 

Figure 3.5. DPV measurements of TR and ODMT with an uncoated (left column) and Nafion-
coated (right column) ta-C electrode in PBS. The insets in B and D show the concentration current 
density-curves for TR and ODMT, respectively. Adapted from Publication II.  

The highest peak (~1.7 V) not previously detected at any other electrode mate-
rial, was speculated to be the result of oxidation of the hydroxyl group. However, 
in light of later studies conducted in this thesis, especially with oxycodone in 
Publication IV, it could be suggested that it is the methoxy group that is oxidized 
at the highest potential. This theory would also be supported by the fact that, in 
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contrast to the hydroxyl group, ODMT does not share the methoxy group with 
TR and, indeed, does not show any peaks at the higher potentials.  

There was no literature available for the ODMT oxidation mechanism but, 
based on its chemical structure, it seems likely that the oxidizing groups would 
be the tertiary amine and the phenol. In fact, two peaks close to each other were 
detected for ODMT with the ta-C electrode. When a Nafion membrane was 
added, however, only one well-defined peak was observed for both TR and 
ODMT. This is in good agreement with the results from other studies in this 
thesis, in which Nafion was seen to obstruct detection of peaks from tertiary 
amines (other than heterocyclic) while preserving signals from oxidation of hy-
droxyl groups (see e.g., Figure 3.6). In the case of TR and ODMT, the addition 
of Nafion increased the selectivity of the electrode and essentially enabled de-
tecting these two analytes simultaneously. 

Another key to the successful simultaneous detection of TR and ODMT 
proved to be the exceptionally wide water window of ta-C. During these studies, 
as mentioned in Publication III, it was also observed that if an additional Ti ad-
hesion layer was added below the ta-C layer, the water window was decreased 
so that detection of the highest TR peak became challenging. This was an inter-
esting observation since in another related study, exposing the underlying Ti 
layer was seen to increase selectivity between MO and paracetamol [79]. In 
these two studies, opposite approaches were needed for achieving the desired 
selectivity. Thus, it was concluded that the material selection should be carefully 
considered specifically for each application. 

3.2.2 SWCNT networks on glass   

SWCNT networks on glass were used in Publications I, IV and V for detection of 
MO, CO, OXC and FEN. In addition, all opioids covered in this thesis were 
measured with SWCNT electrodes on glass both without a Nafion layer and with 
a 2.5% Nafion 117 membrane. These measurements were done with identical 
parameters and measurement conditions to enable better comparison between 
results.  

The DPV curves for 10 μM of each opioid are shown in Figure 3.6. This figure 
summarizes the observations on the behavior of the opioids covered in this the-
sis on both SWCNT (A) and Nafion-coated SWCNT electrodes on glass (B). The 
dotted circles highlight the suggested functional groups oxidizing at specific po-
tentials. These are also illustrated on the right side of the figure.  

At the uncoated electrode, the peak observed for MO at 0.4 V has been pre-
viously assigned to the phenol group of the morphine molecule [76] and is also 
seen in Publication I. This peak seems to be intensified with the addition of 
Nafion, as can be seen from Figure 3.6 B. A similar peak is also observed for 
ODMT, a well-defined peak at lower potentials (around 0.6 V) that is clearly 
enhanced by Nafion. Since there are no previous studies on the electrochemical 
behavior of ODMT, this peak assignment cannot be verified. However, this sug-
gestion is supported by the fact that the only structural difference between 
ODMT and TR is the phenol group of ODMT that is absent in the TR molecule.  
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Figure 3.6. DPV measurements of opioids in PBS with SWCNT network on glass (A) and 2.5% 
Nafion-coated SWCNT networks on glass (B). 10 μM of morphine (MO), codeine (CO), oxyco-
done (OXC), fentanyl (FEN), O-desmethyltramadol (ODMT) and tramadol (TR) were measured 
with constant parameters and with a 5 min accumulation time. Dotted circles highlight the sug-
gested functional groups (illustrated on the right side) oxidizing at specific potentials.  

A common peak around 0.8 V is observed for MO, CO, OXC and FEN at the 
uncoated electrode. In Publications I and V, these peaks were attributed to the 
tertiary amine group of MO, CO and FEN. A similar peak was also seen for OXC 
in Publication IV, in which the assignment of this peak to the heterocyclic ter-
tiary amine was confirmed by comparing the oxidation behavior of OXC and its 
two metabolites, noroxycodone (NOXC) and oxymorphone (OM). Two of these 
molecules, OXC and OM, showed a peak around 0.8 V while NOXC did not (see 
Figure 3.7). The difference between these molecules is that OXC and OM have a 
tertiary amine while NOXC has a secondary one. Based on the results shown in 
Figure 3.7, it could be suggested that the peak for the tertiary amine is shifted 
by about 100 – 200 mV with the addition of Nafion. This could also explain the 
peaks seen for MO and FEN around 0.95 V and CO around 1 V in Figure 3.6 B.  

While the peaks for these heterocyclic tertiary amines can still be detected 
even with the Nafion coating, other types of tertiary amines seem to disappear 
at the Nafion/SWCNT. For TR, the peak at 0.75 V at the SWCNT presumably 
due to the oxidation of the aliphatic tertiary amine cannot be seen with the  
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Figure 3.7. DPV curves for 10 μM oxycodone, noroxycodone and oxymorphone with SWCNT (A) 
and Nafion/SWCNT (B) electrodes in PBS. The proposed oxidizing groups are highlighted in the 
chemical structrues above as well as in the graphs. Nafion/SWCNT electrodes dip-coated with 
2.5% Nafion (Alfa Aesar). Adapted from Publication IV. 

Nafion-coated electrode as seen in Figure 3.6 B. Interestingly, a similar damp-
ening effect is seen for the heterocyclic tertiary amine of FEN. 

It is currently unclear why some of the tertiary amines are not shown at the 
Nafion/SWCNT electrode. The shifting of the phenol and heterocyclic amines 
could be due to a mass transfer effect introduced by Nafion, since the 1 μm thick 
Nafion films on top of the SWCNT networks are relatively thick. However, this 
mechanism would not explain the peaks disappearing completely. It is possible 
that the sulfonic groups of Nafion interact or react with the functional groups of 
these molecules, resulting in a change in their oxidation behavior. The oxidation 
mechanisms and these possible interactions are, however, extremely complex 
and thus would require detailed investigation to confirm these propositions. 

An additional peak is shown for MO, CO and OXC at about 1 V. In Publication 
I, these peaks were suggested to be due to oxidation of the hydroxyl group at the 
6 carbon for MO and CO. While this could be one explanation for this peak, a 
similar peak was also seen for OXC, NOXC and OM in Publication IV, none of 
which have a hydroxyl group available for oxidation. Instead, these three mole-
cules could show an oxidation peak for a secondary amine at this potential, a 
secondary amine that could also oxidize in MO and CO after oxidation of the 
tertiary amine. As discussed in Publication IV, tertiary amines are known to 
show two oxidation peaks at carbon-based electrodes.  

However, it has also been suggested that the methoxy group, common to CO, 
OXC and NOXC, would be responsible for an oxidation peak at higher potentials 
in codeine-like molecules [84]. This theory is supported by the interesting be-
havior of CO at the two electrodes. While the highest peak for MO is practically  
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eliminated by Nafion, there is another peak visible for CO at the Nafion/SWCNT 
(also seen as a shoulder at the uncoated electrode) that is not observed for MO. 
Since the only difference between the two molecules is the 3 carbon at which the 
OH-group for MO is substituted with a methoxy group for CO, it could be argued 
that this extra peak is connected to the methoxy functionality. Likewise, similar 
conclusions could be made from the results shown in Figure 3.7 B, where oxida-
tion peaks at higher potentials (~1.2 V) at the Nafion/SWCNT electrode are only 
seen for the molecules with a methoxy group. 

The peak assignments discussed here have been done with a fairly limited 
amount of data from only a few molecules with different chemical structures 
and are thus inconclusive. In addition, as is evident from the data obtained with 
the two different carbon materials, the oxidation behavior of opioids is largely 
dependent on the electrode material. Thus, to have deeper understanding on the 
oxidation mechanisms of molecules at specific materials, detailed experiments 
should be conducted separately with each electrode. Understanding the electro-
chemical behavior of the target analytes at different materials is a prerequisite 
for finding solutions for increasing the selectivity and sensitivity of the sensor.  

In this work, Nafion was found to increase both selectivity and sensitivity of 
the two carbon-based electrodes. In Publication I, a Nafion film on top of the 
SWCNT electrode enabled simultaneous detection of MO and CO. Similarly, in 
Publication II the addition of Nafion onto the ta-C electrode altered the oxida-
tion behavior of TR and ODMT allowing simultaneous detection of the two. In 
addition, interference studies conducted in Publications I, II and VI clearly 
demonstrate the importance of the Nafion membrane to the selectivity of the 
electrodes by showing exclusion of the most common interferents from the elec-
trode surface.  

While OXC could be detected in the presence of its two metabolites with both 
coated and uncoated SWCNT electrodes in Publication IV, the Nafion mem-
brane increased the sensitivity of the sensor and brought the limit of detection 
closer to the clinically relevant range. In fact, it was shown in both Publications 
I and IV that the ability of Nafion to enrich cations can be used to increase the 
sensitivity towards cationic target analytes. Figure 3.8 shows the increasing 
peak currents for 10 μM MO, 10 μM CO and 5 μM OXC with increasing accumu-
lation times at Nafion/SWCNT electrodes. Based on a single test measurement, 
no saturation of signal was observed for 1 μM MO in PBS even after a 40-minute 
accumulation time. A similar effect has been seen in other studies where enrich-
ment under Nafion film has been used to enhance the signal from cationic target 
molecules [143,152]. In this thesis, the accumulation time was limited to 5 min 
due to practical reasons (i.e., keeping the lengths of the measurement protocols 
manageable and enabling measurements in blood without extensive coagula-
tion of the sample) and to avoid compromising the fast nature of the detection 
method.  

The signal stability for the SWCNT on glass-electrodes was studied in Publi-
cations IV and V. The signal stability and repeatability with a single electrode as  
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Figure 3.8. Effect of accumulation time for detection of morphine (MO), codeine (CO) and oxyco-
done (OXC) in PBS. DPV curves for 10 μM MO and CO measured with Nafion/SWCNT electrode 
coated with 5% Nafion (Sigma) and 5 μM OXC measured with Nafion/SWCNT electrode coated 
with 2.5% Nafion (Alfa Aesar). Data from Publications I and IV.  

well as between three different electrodes were determined with OXC and FEN. 
In PBS, RSDs for peak currents measured repeatedly were between 1.5 and 2.3% 
for a single electrode, whereas electrode-to-electrode variations were 3.8 – 10%. 
These values are still relatively low considering that the preparation of these 
electrodes includes several manual steps. Moreover, the long-term stability of 
the electrodes was found to be sufficiently high. The RSD for OXC peak current 
measured at four time points during 22 days after preparing the electrodes was 
2.6% in Publication IV. For FEN, the signal obtained with the electrode did not 
change for 30 days after electrode preparation.  
 
The results obtained in these studies show that (i) these carbon-based electrodes 
can be used to detect small concentrations of several opioids in buffer, (ii) 
Nafion can be used to effectively increase both sensitivity and selectivity of the 
electrodes, and (iii) the Nafion-coated electrodes are able to separately measure 
opioid molecules and their main metabolites.  

The importance of using hybrid materials is highlighted in comparing the re-
sponse of the bare carbon electrodes (ta-C and SWCNT) to the electrodes coated 
with a Nafion membrane. Moreover, the selection of appropriate materials for 
each application is further demonstrated with the comparison of the results ob-
tained for TR and ODMT on ta-C versus SWCNT. Similarly, it is evident from 
Figure 3.6 that not one type of electrode material is able to selectively detect all 
opioids.  

However, the advantage of carbon materials in this regard is their versatility 
and the wide range of modifications and material combinations that can be used 
to tune the performance of carbon-based electrodes. For example, Wester et al. 
were able to increase the selectivity of a ta-C electrode toward MO and aceta-
minophen by a simple anodic pretreatment [79]. It was concluded that the ex-
posure of the underlying Ti layer was, for the most part, responsible for the in-
creased selectivity. In contrast, in Publication II it was found vital that the elec-
trode did not contain an additional Ti layer, since it was seen to decrease the 
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available potential window and thus prevent simultaneous detection of TR and 
ODMT.  

This was also discussed in Publication III, where the role of integrated metals 
in the electrochemical response of carbon nanomaterials was investigated. Dif-
ferent metal catalysts can be used in the fabrication process to alter the electro-
chemical properties of the final product. It was concluded that the selection of 
the appropriate metal catalyst can be used to tune sensitivity and selectivity to-
wards specific analytes. Furthermore, it was noticed in a related study that the 
amount of catalyst metal used in the fabrication process of SWCNTs affects the 
morphology of the nanotube networks and, consequently, the electrochemical 
behavior of drug molecules on these materials [184]. Variations in the amount 
of catalyst iron resulted in altered selectivity and sensitivity towards MO, OXC 
and acetaminophen. 

While neither the metal alone nor the carbon nanomaterial by itself can 
achieve the desired electrochemical performance, these materials can be used 
as building blocks and combined into a myriad of hybrid materials. The im-
portant role of hybrid carbon nanomaterials in detection of biomolecules is also 
discussed in a review by Laurila et al. [185].  

3.2.3 SWCNT sensor strips   

In Publication VI, linear calibrations for MO were measured with SWCNT sen-
sor strips. The resulting DPV curves are shown in Figure 3.10 A. Interestingly, 
while the current response is linear as a function of concentration as with the 
glass electrodes, the sensitivity of the SWCNT networks on polymer is signifi-
cantly lower than that of SWCNT on glass. While the detection limit for MO on 
glass substrate in Publication I was 0.071 μM, a limit of 0.48 μM was achieved 
on the sensor strips. This difference might be due to the likely thinner Nafion 
membrane on the polymer strips leading to a smaller enrichment effect or some 
other interaction related to the polymer or the SWCNT network itself. It should 
be noted that the SWCNT networks used in Publications I and VI had different 
properties, including optical transparencies (i.e., thicknesses) and sheet re-
sistance values.    

The root cause for this behavior could not be identified, but it was seen to 
affect the detection of other opioids as well. In an interference study in Publica-
tion VI, only CO and ODMT showed well-defined peaks at the SWCNT sensor 
strip. Thus, further development is required to increase the sensitivity of the 
SWCNT sensors on PET.  

The reproducibility of the SWCNT strips was found satisfactory in Publica-
tion VI. The RSD for 2.5 μM MO in PBS with nine separate electrodes was 9.9%. 
Similar results were also obtained in a study by Wester et al. [14], where an RSD 
of 4.3% in PBS was reported for acetaminophen.   

3.3 Opioids in biological matrices 

A major goal in this thesis was to develop carbon-based electrochemical sensors 
that could be used to detect opioids in biological matrices. This section discusses 
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the main results obtained with ta-C and SWCNT electrodes in human plasma 
and whole blood. A summary of the results from these measurements is shown 
in Table 3.2 with the electrode type used, analytes detected, limits of detection 
(LOD) achieved in PBS, the lowest detected concentration in the matrix as well 
as sample treatment used in each case.   

Table 3.2. Summary of results from measurements of opioids in biological matrices with SWCNT 
network on glass, ta-C and SWCNT sensor strips. 

Electrode Analyte Biological 

matrix 

LOD in 

PBS (μM) 

Lowest de-

tected in ma-

trix (μM) 

Sample 

treatment 

Publication I      

SWCNT on glass 

+ 5% Nafion 117 

(Sigma) 

MO Plasma 0.071 1 Dilution 2x 

 CO Plasma 0.277 2.5 Dilution 2x 

Publication II      

ta-C + 2.5% 

Nafion (Alfa 

Aesar) 

TR Plasma 0.131 5 Dilution 10x 

 ODMT Plasma 0.209 10 Dilution 10x 

Publication VI      

SWCNT sensor 

strip + 5% Nafion 

(Sigma) 

 

MO 

 
Capillary 

whole blood 

0.48 0.5 Minimal dilu-

tion due to 

spiking 

 
In Publication I, MO and CO were measured in human plasma, diluted 10x. The 
resulting DPV curves are presented in Figure 3.9 A. The recoveries for MO and 
CO were found to be 61.4 and 41.5%, respectively. These values suggested that 
the SWCNT electrode was only measuring the free fraction of the opioids in 
plasma, since the recoveries are closely matched to the unbound fractions of MO 
and CO, discussed in Section 2.3.1. This was further supported by the discover-
ies in Publication VI, where an average recovery of 60% was seen for MO in 
whole blood.  

Interestingly, the results from Publication II are slightly controversial. The 
recoveries in plasma for TR and ODMT can be obtained from the slopes of the 
linear calibrations in PBS and plasma. For TR, the average recovery between 5 
– 15 μM was 60%, which is well within the range of the free fraction given for 
TR (see Table 2.3). In contrast, the recovery for ODMT in the range of 5 – 20 
μM was 96.5%. According to a study made by De Moraes et al. [133], about 80% 
of ODMT should be bound to proteins in plasma. Thus, it is evident that in the 
case of ODMT, the Nafion/ta-C electrode is not measuring the unbound fraction  
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Figure 3.9. Electrochemical detection of opioids in human plasma. (A) DPV curves for increasing 
concentrations of MO and CO in diluted (2x) human plasma measured with Nafion/SWCNT elec-
trode. (B) DPV curves for increasing concentrations of TR and ODMT in diluted (10x) human 
plasma measured with Nafion/ta-C electrode. Adapted from Publications I and II.  

of the analyte. This could be due to various reasons, including interactions be-
tween ODMT and Nafion, but further studies should be conducted in order to 
explain this finding.    

It could be argued that the lower peak currents in biological matrices are 
simply due to passivation of the electrode in the protein-rich matrices. However, 
it was shown in Publication I that the Nafion/SWCNT electrode gave the same 
peak current for 1 mM Ru(NH3)62+/3+ both in PBS and in diluted plasma, sug-
gesting no significant passivation. In addition, measuring MO and CO repeat-
edly in plasma showed no rapid passivation of the electrode surface. A similar 
test was done for the SWCNT sensor strips by Wester et al. [14] and no signifi-
cant passivation was seen. 

From the work done in this thesis as well as other studies, it is clear that the 
use of Nafion as an electrode coating greatly reduces the effect of protein fouling 
and the interference from the matrix. As shown in Publication II (Fig. 4), plasma 
caused a significant interference at the bare ta-C electrode whereas the majority 
of this effect could be reduced by the addition of Nafion. The antifouling prop-
erties of Nafion could be at least partly attributed to its porous structure. As 
discussed in Section 2.3.2, the range of the channel diameter inside the mem-
brane is likely too small for the majority of proteins to fit through. For example, 
the dimensions of the most abundant protein in human blood, albumin, are 
about 3.8 nm in diameter and 15 nm in length [186] while the average diameter 
of the sulfonated channels in Nafion thin films is 3 – 6 nm [141]. In addition, as 
mentioned before, Nafion filters several anionic interferents away from the elec-
trode surface, including ascorbic acid and uric acid, and essentially enables de-
tection of small amounts of analyte in complex biological matrices. 

The Nafion membrane was developed throughout this project and the coat-
ing method and membrane thickness optimized for specific applications. In 
Publication VI, we were finally able to directly determine small concentrations 
of MO in untreated finger-prick whole blood. Measurements in the blood sam-
ples were done by taking 38 μl finger-prick samples and spiking them with 2 μl 
of morphine solutions of different concentrations. The results from detection of 
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MO in both PBS and whole blood are presented in Figure 3.10 A and B, respec-
tively. Figure 3.10 C shows the linear calibration curves in both matrices with a 
40 μl sample size. Furthermore, these sensor strips were used for POC-type sin-
gle-point measurements of MO in finger-prick samples from three different sub-
jects with a satisfactory RSD of 7.7%.  

 

 

Figure 3.10. Electrochemical detection of morphine with SWCNT sensor strips. Increasing con-
centrations of MO in PBS (A) and in untreated human capillary blood (B) with the linear calibration 
curves (C). Measurements done with 5 min accumulation time. Adapted from Publication VI.  

As compared in Table 3.2, the limit of detection in PBS in Publication VI is 
higher than the LOD in several other publications. However, the smallest con-
centration measured in the actual biological matrix is one of the lowest ones 
reported in the literature. In fact, only one study reported detection of a lower 
MO concentration [158] but in this paper the samples were treated with protein 
precipitation and dilution. The sensor strip used in this thesis was able to meas-
ure MO concentrations low enough to correspond to the higher end of the ther-
apeutic range and to cases of overdose (see Table 2.1).  

Figure 3.10 B shows that while MO can be successfully detected in the whole 
blood samples, the matrix does present some interference even when Nafion 
coating is used on top of the SWCNT sensor strip. A peak can be seen around 
0.2 V that is most likely due to the ascorbic acid and uric acid in the blood. While 
these molecules are mostly anionic in the physiological pH, a portion of them 
can still be neutral molecules, which have been shown to travel through Nafion 
films [147]. An additional peak around 0.5 V is also detected but the cause for 
this peak could not been identified.  

It is not surprising that the interference in untreated whole blood is slightly 
stronger than in the diluted plasma samples in Publications I and II. However, 
it can also be noted that the sensitivity (both in buffer and biological samples) 
of the sensor strip toward MO is considerably lower than that of the 
Nafion/SWCNT on glass used in Publication I. It is possible that this is due to 
the different thicknesses of the Nafion membrane, since this might affect the 
enrichment properties of the film. It should also be noted, however, that the 
SWCNT networks used in these two publications are somewhat different, since 
the difference in their optical transparencies suggest very different thicknesses. 
According to an estimation from the manufacturer [187], the thickness of the 
network used in Publication I is about 50 – 60 nm while it is between 200 – 300 
nm in Publication VI. However, this only demonstrates that the sensor structure 
can be further tuned and optimized to increase the selectivity and sensitivity 
toward specific analytes. 
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The possibility of tuning the properties of both the carbon nanomaterials as 
well as coatings such as Nafion is vital for the realization of the ultimate goal of 
this thesis: the development of POC tests for opioids. As discussed in Section 
3.2.2., it is likely that a single material will only be able to detect a few analytes 
at a time. In fact, Figure 3.6 and Table 2.6 show that it is challenging to detect 
more than two or three analytes simultaneously on one electrochemical sensor. 
However, due to the exceptional versatility of the materials used in this thesis, 
it could be possible to develop several different sensor strips, each one individ-
ually optimized for different opioid-metabolite pairs and operated with one 
handheld potentiostate. Another option could be to combine several working 
electrodes and use microfabrication techniques to fabricate an electrochemical 
platform allowing simultaneous detection of a variety of analytes. 

3.4 Conclusions 

This chapter presented the main results obtained in the studies conducted dur-
ing this thesis. These results were also compared to others found in the litera-
ture and there are several conclusions that can be made based on the observa-
tions made here. 

This work showed that the carbon-based hybrid materials used in these ex-
periments were able to detect several different opioids in the clinically mean-
ingful concentration range. Electrodes from two different materials, SWCNT 
networks and ta-C were fabricated and their properties optimized for specific 
target molecules. A 15 nm ta-C layer was chosen as one of the electrode materials 
due to its facile electron transfer properties and sensitivity toward the target 
analytes TR and ODMT. No adhesion layers were used since it was seen that an 
additional Ti layer under the ta-C decreased the effective measurement window 
of the electrode obstructing the detection of the analytes.  

A second carbon nanomaterial, SWCNT networks, was used for detection of 
MO, CO, OXC and FEN. Several different versions of these networks were pro-
duced with slightly varying fabrication parameters resulting in differences in 
optical transparencies (and hence, thicknesses) and sheet resistances. These dif-
ferences were also seen to affect the electrochemical performance of the elec-
trodes. Although it could not be conclusively explained where these differences 
in behavior arise from, it was concluded that this could be used as an advantage 
for further optimization of the materials towards specific applications.    

Small concentrations in the nM range of MO, CO, TR, ODMT, OXC and FEN 
were detected with the two material types in buffer. Limits of detection and the 
linear ranges obtained were within the therapeutic concentrations for these opi-
oids. The oxidation peaks for each opioid on SWCNT and Nafion/SWCNT were 
suggested to be attributed to the phenol, amine and methoxy groups of the mol-
ecules. However, it was noted that further studies should be conducted in order 
to confirm these assignments.  

The addition of a Nafion membrane on top of the electrodes was seen to im-
prove both the sensitivity and the selectivity. ta-C electrodes coated with 2.5% 
Nafion were successfully used for simultaneous detection of TR and ODMT, 
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whereas Nafion/SWCNT electrodes were able to simultaneously measure MO 
and CO. In addition, OXC could be detected in the presence of its two main me-
tabolites, NOXC and OM. Moreover, the enrichment and antifouling properties 
of Nafion enabled detection of opioids in complex biological matrices. MO, CO, 
TR and ODMT were measured in lightly diluted plasma with Nafion/SWCNT 
networks on glass and Nafion/ta-C electrodes.  

The SWCNT networks were also fabricated on flexible PET substrate, coated 
with a thin layer of Nafion and used for measuring MO in untreated, undiluted 
whole blood. Interestingly, while small concentrations of MO were successfully 
detected from capillary blood samples, the sensitivity of these sensors was seen 
to be considerably lower compared to that of the SWCNT electrodes on glass. 
This could be due to the different SWCNT networks used in the two studies, but 
it is also possible that the lower sensitivity is caused by the thinner Nafion film 
on the electrode, decreasing the enrichment effect of the film.  

It was discovered throughout these studies that there are multiple factors 
that affect the properties of a given Nafion membrane, including the contents of 
the original polymer solution, coating method and experimental conditions. 
However, this is also one of the biggest advantages of Nafion, since the proper-
ties of these films can be tuned for specific applications.  

These results highlighted the importance of designing hybrid materials for 
electrochemical sensors for biological applications. It was concluded that a sin-
gle material type is not likely to fulfil all the requirements needed for successful 
detection of analytes in biological samples, but a combination of materials is 
needed to achieve this goal.  
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4. Summary 

The main goal of this thesis was to find out whether carbon-based nanomateri-
als are suited for electrochemical detection of opioids in biological matrices. The 
two materials used in the experiments were ta-C and SWCNT networks. Nafion 
was used as a permselective membrane to further improve the performance of 
the electrodes.  

Both ta-C and SWCNT electrodes were demonstrated to be able to detect clin-
ically relevant concentrations of opioids in the nM range (listed in Table 3.2). 
The appropriate material was selected according to the needs of specific appli-
cations. The SWCNT electrodes were able to detect low concentrations of MO, 
CO, OXC and FEN. ta-C electrodes coated with Nafion were used for detection 
of TR and ODMT, since the wide measurement window together with the effects 
of Nafion enabled their simultaneous detection. The addition of a Nafion layer 
also increased the selectivity of the SWCNT electrodes, enabling simultaneous 
detection of MO and CO as well as OXC in the presence of its two main metab-
olites. Moreover, Nafion was found to be essential for doing electrochemical 
measurements in biological matrices with these electrode materials, since it de-
creased the interference from the matrix and protected the electrode from bio-
fouling.   

Detection of opioids in biological matrices was demonstrated by measuring 
MO, CO, TR and ODMT in diluted plasma samples. In addition, MO was de-
tected in untreated capillary whole blood with single-use SWCNT sensor strips. 
POC-type measurements were successfully carried out from finger-prick whole 
blood samples on the fabricated flexible, disposable sensors on PET substrate. 
Based on recovery results from these experiments, it was proposed that the sen-
sors only measure the free, unbound fraction of target analytes. The electrodes 
did not show significant passivation in protein-rich matrices, likely due to the 
filtering and antifouling properties of Nafion. As passivation and biofouling are 
known to be major issues in the field, these findings were encouraging for the 
future development of these sensor structures. 

The physical properties of electrode materials are strongly linked to the elec-
trochemical behavior of inner-sphere target molecules. Thus, detailed charac-
terization of the materials used is important to understand the electrode perfor-
mance. In this work, ta-C was chosen as one of the electrode materials based on 
its successful use in detection of neurotransmitters [177]. It is also a thoroughly 
characterized material and thus could be used as a benchmark material. For the 
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SWCNT networks, extensive characterization was conducted in this thesis with 
multiple methods, including SEM, TEM, Raman, XPS and XAS. However, even 
more thorough characterization of the different batches of SWCNT networks 
would have been beneficial to allow studying possible correlations between the 
SWCNT structure and the obtained electrochemical results. More detailed in-
formation of the structure of these networks could be used to further optimize 
the material for improved performance. 

Another important discovery was the wide range of factors affecting Nafion 
membrane properties, including the composition of the original polymer solu-
tion, method of coating and curing. Modifying each of these steps could be used 
for optimizing the resulting polymer film. Moreover, experimental conditions 
such as accumulation time and wetting of the Nafion membrane could be tuned 
to improve the performance of the electrode. Owing to the complexity of the 
Nafion material and the vast range of parameters to be optimized, there were 
not enough resources to systematically go through all of them within this thesis. 
Thus, further studies should be conducted in order to carefully optimize the 
Nafion film to improve the sensitivity, selectivity and signal-to-noise ratio. 

While interference from the matrix was largely reduced by Nafion, it could 
not be completely removed. It is possible that some neutral interferents can 
travel through the membrane, most likely via pinholes. Furthermore, additional 
interference was observed, especially in the whole blood samples, for which no 
single explanation could be found. Thus, it would be important to further inves-
tigate the causes of this interference from biological matrices to be able to tune 
the electrode structure accordingly.   

During the work done in this thesis, the electrode structure was developed 
from the hand-made ta-C and SWCNT on glass-electrodes dip-coated with 
Nafion by hand to flexible, miniaturized sensor strips on PET substrate, manu-
factured with fully industrially compatible processes. With these sensor strips, 
the first measurements in untreated whole blood were conducted successfully 
and the applicability to a POC measurement system was demonstrated. The next 
steps in the development process would be to further miniaturize the sensor 
structure to reduce the sample volume required for the measurements down to 
10 μl or even less. Furthermore, the pool of whole blood samples should be ex-
panded and the effect of inter-individual differences on the matrix effect evalu-
ated. Finally, real patient samples (i.e., not spiked) should be collected and the 
performance of the SWCNT sensor strips validated against the gold standard 
analysis method. 

Currently, there are a number of POC tests for opioids commercially availa-
ble [10]. While the majority of these are only qualitative at the moment, a lot of 
effort is being made to develop these methods into semi-quantitative or quanti-
tative. For example, the results from a qualitative immunoassay-based lateral 
flow strip can be read with an optical strip reader and analysed with image-pro-
cessing algorithms. However, these assays are often based on urine as the anal-
ysis matrix, which is not always the most practical one to be used in clinical sit-
uations. In addition, in contrast to blood, urine cannot be used for continuous 
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monitoring of target molecules. In this regard, quantitative electrochemical de-
tection in blood samples offers tangible advantages. Moreover, electrochemical 
sensor such as those presented in this thesis can be fabricated on flexible poly-
mer materials enabling further development into wearable electronics or im-
plantable in vivo sensors. Alternatively, test platforms with multiple working 
electrodes optimized for different analytes could be fabricated to allow simulta-
neous determination of several opioids and metabolites. While further research 
and development is still required to realize these goals, it can be concluded from 
the results obtained in this thesis that carbon-based hybrid nanomaterials pre-
sent real potential for rapid and quantitative POC testing for opioids in blood. 
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