' Aalto University

Verrinder, Elsi; Wester, Niklas; Leppanen, Elli; Lilius, Tuomas; Kalso, Eija; Mikladal, Bjarn;
Varjos, llkka; Koskinen, Jari; Laurila, Tomi

Electrochemical Detection of Morphine in Untreated Human Capillary Whole Blood

Published in:
ACS Omega

DOI:
10.1021/acsomega.1c00773

Published: 04/05/2021

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CCBY

Please cite the original version:

Verrinder, E., Wester, N., Leppanen, E., Lilius, T., Kalso, E., Mikladal, B., Varjos, |., Koskinen, J., & Laurila, T.
(2021). Electrochemical Detection of Morphine in Untreated Human Capillary Whole Blood. ACS Omega, 6(17),
11563-11569. https://doi.org/10.1021/acsomega.1c00773

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1021/acsomega.1c00773
https://doi.org/10.1021/acsomega.1c00773

Downloaded via AALTO UNIV on June 9, 2021 at 11:39:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

A \
L
A4

http://pubs.acs.org/journal/acsodf

Heo

Electrochemical Detection of Morphine in Untreated Human
Capillary Whole Blood

Elsi Verrinder, Niklas Wester, Elli Leppédnen, Tuomas Lilius, Eija Kalso, Bjgrn Mikladal, Ilkka Varjos,

Jari Koskinen, and Tomi Laurila™
I: I Read Online

[l Metrics & More ‘

Cite This: ACS Omega 2021, 6, 11563-11569

ACCESS |

Article Recommendations

ABSTRACT: Disposable single-use electrochemical sensor strips were
used for quantitative detection of small concentrations of morphine in
untreated capillary whole blood. Single-walled carbon nanotube (SWCNT)
networks were fabricated on a polymer substrate to produce flexible,
reproducible sensor strips with integrated reference and counter electrodes,
compatible with industrial-scale processes. A thin Nafion coating was used
on top of the sensors to enable direct electrochemical detection in whole
blood. These sensors were shown to detect clinically relevant
concentrations of morphine both in buffer and in whole blood samples.
Small 38 L finger-prick blood samples were spiked with 2 L of morphine solution of several concentrations and measured without
precipitation of proteins or any other further pretreatment. A linear range of 0.5—10 yM was achieved in both matrices and a
detection limit of 0.48 yM in buffer. In addition, to demonstrate the applicability of the sensor in a point-of-care device, single-
determination measurements were done with capillary samples from three subjects. An average recovery of 60% was found,
suggesting that the sensor only measures the free, unbound fraction of the drug. An interference study with other opioids and
possible interferents showed the selectivity of the sensor. This study clearly indicates that these Nafion/SWCNT sensor strips show
great promise as a point-of-care rapid test for morphine in blood.

Morphine

1. INTRODUCTION

Morphine is a strong opioid used for treatment of moderate to
severe pain, especially in chronic cancer pain.' Unfortunately,
morphine like all opioids, can also cause addiction, overdose,
and even death due to respiratory depression. According to a
report from the Centers for Disease Control and Prevention,
over 46,000 opioid-related overdose deaths were recorded in
the United States in 2018.” The ability to monitor the patients’
blood concentrations of morphine would enable personalized,
safe dosing of the opioid and fast diagnosis in cases of
overdose. However, there are currently no such tools available
for detection of morphine.

The standard method for determining opioid concentrations
from biological samples is high-performance liquid chromatog-
raphy (HPLC) often coupled with mass spectrometry.” >
While this method offers extremely low detection limits and
high accuracy, the analysis has to be performed in a fully
equipped laboratory, requires professional personnel to run,
and takes up to several hours to complete. In contrast,
electrochemical methods can be used to develop point-of-care
(POC)-type devices that provide quantitative measurements of
drug concentrations in blood at patient’s bedside. These
methods have fast response times of a few minutes, sufficiently
low detection limits, and simple instrumentation.

© 2021 The Authors. Published by
American Chemical Society
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Electrochemical sensors have been developed for the
detection of hundreds of analytes, including opioids and
other drugs, in both buffer solution and biological matrices,
such as urine, ' blood plasma,u_13 serum,"™'® and even
whole blood.'® However, in the vast majority of these studies
the common approach for conducting the measurements is
treating the samples with several protocols to remove proteins
and dilute the sample for a facilitated detection. In addition,
most studies only show detection of unrealistically high
concentrations of opioids in recovery studies.

Urine is the most commonly used biological matrix for
recovery studies. However, in many clinical situations, urine is
not the preferable matrix to be used for POC detection due to
practical reasons. On the other hand, if plasma or serum is used
as the measurement matrix, they have to be extracted from the
original whole blood samples, resulting in even more complex
and time-consuming pretreatment protocols that are not
acceptable in emergency situations such as suspected overdose

Received: February 10, 2021 O
Accepted: April 6, 2021 »
Published: April 21, 2021 P

https://doi.org/10.1021/acsomega.1c00773
ACS Omega 2021, 6, 11563—11569


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elsi+Verrinder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Niklas+Wester"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elli+Leppa%CC%88nen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuomas+Lilius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eija+Kalso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bjo%CC%B7rn+Mikladal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilkka+Varjos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jari+Koskinen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jari+Koskinen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomi+Laurila"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c00773&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00773?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00773?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00773?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00773?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/17?ref=pdf
https://pubs.acs.org/toc/acsodf/6/17?ref=pdf
https://pubs.acs.org/toc/acsodf/6/17?ref=pdf
https://pubs.acs.org/toc/acsodf/6/17?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c00773?rel=cite-as&ref=PDF&jav=VoR
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Teflon tape

Nafion

i

Polymer / -

Figure 1. Photos of the sensor sheet on the polymer substrate, a
close-up of the prepared sensor, and a schematic figure of the layered
sensor structure.

cases. Using a simple finger-prick blood sample without the
need for any additional treatment steps would be ideal for a
rapid POC test for opioids.

In this work, we use single-walled carbon nanotube
(SWCNT) network sensor strips for the detection of morphine
in untreated capillary whole blood (Figure 1). SWCNT
networks are an attractive material for use in electrochemical
sensors due to their high surface area, conductivity, and
compatibility with industrial manufacturing processes. We have
recently shown that these SWCNT networks can be fabricated
into disposable electrochemical sensor strips that can be used
for single determinations of analytes in biological matrices."”

A permselective Nafion coating is used on top of the
electrodes. Nafion is a copolymer consisting of a hydrophobic
backbone and negatively charged sulfonic side groups that
form hydrophilic channels with a few nanometers in
diameter.'® This structure gives Nafion its cation-exchange
properties allowing cations to permeate through the film while
blocking anionic molecules from the electrode surface.'” In
addition, cationic molecules, especially hydrophobic ones, have
been seen to enrich on Nafion-coated electrodes, thus further
improving the sensitivity of the sensor.”’ In our previous
studies, we have seen that Nafion can be used to improve the
selectivity and sensitivity of the electrode toward analgesics,
including morphine, in biological matrices.'”*"**

This paper presents detection of clinically relevant
concentrations of morphine in the nM range in buffer and in

untreated, undiluted capillary whole blood with a small sample
volume of 40 uL. Furthermore, to demonstrate the
applicability of the Nafion/SWCNT sensor as a POC device,
we show successful single-point determinations of small
concentrations of morphine in finger-prick blood samples
from three volunteers.

2. RESULTS AND DISCUSSION

2.1. Characterization of Nafion/SWCNT Strips. The
structure of SWCNT networks synthesized in a similar method
have been previously characterized in refs 22,23,24. Extensive
characterization was done with ultraviolet—visible spectrosco-
py (UV—vis), X-ray photoelectron spectroscopy (XPS),
energy-dispersive spectroscopy (EDS), and X-ray absorption
spectroscopy (XAS). The main results from these experiments
are summarized in Table 1. It should be noted that most of
these results have been obtained from SWCNT networks with
an optical transparency of about 90% (at S50 nm). Briefly, the
mean diameter of the SWCNTs was determined with UV—vis
and was seen to have an average of 2.1 nm.

XPS showed that the nanotubes consisted of 71.7 + 0.2 at%
carbon, 8.7 + 0.2 at% oxygen, and 0.1 = 0.01 at% iron. Si (19.5
+ 0.3 at%) was also detected, but most of this and the detected
oxygen are most likely from the partially showing Si wafer and
native oxide on the wafer. The XAS studies revealed a high sp*
fraction and long-range order and the presence of surface
functional groups. The values for sheet resistance for the two
sheets fabricated in this study were reported to be 53.6 + 1.2
Q/sq and 69.6 + 3.6 €/sq and the optical transparencies at
550 nm were 66.5 + 0.4 and 55.2 + 0.4%, respectively.

Additional characterization of similarly fabricated Nafion/
SWCNT strips was conducted in a study by Wester et al.'”’
The thicknesses of the SWCNT/Nafion layer (fabricated with
2.5% Nafion) and the Ag reference were studied with SEM
from cross-sectional samples. These samples revealed the
composite nature of the SWCNT/Nafion layer, showing a
mixture of the two materials on the polymer substrate. The
total thickness of this composite layer including a very thin
(~65—75 nm) layer of only Nafion on top was found to be
approximately 170 nm. The thickness of the silver reference
was 5.9—7.2 um.

Electrochemical characterization of the integrated SWCNT
test strips showed close to reversible electron transfer.'” This
was studied with an outer-sphere redox probe
hexaammineruthenium(III) chloride (Ru(NH;)g*/3*), with
which a AE, of 68.8 mV was obtained. The effective
measurement range of these sensors was up to 1.1 V (vs
Ag). It was also shown that the Nafion layer significantly
stabilized the Ag quasi-reference electrode in PBS preventing

Table 1. Summary of the Characterization of the SWCNT Networks”

optical transparency
sheet resistance (at 550 nm, two
(two sheets)” sheets)®

53.6 + 1.2 Q/sq 55.2 £ 0.4%

69.6 + 3.6 Q/sq 66.5 + 0.4% diameter 2.1

“Results obtained in this and previous work.”>**

UV—vis? XPs?

mean SWCNT  C 71.7 + 0.2 at% O 8.7 + 0.2 at% catalyst particles: C
Si° 19.5 + 0.3 at%
nm Fe 0.1 + 0.01 at%

EDS? XAS?

highly sp>-bound carbon with a clear long-
range order ketone/aldehyde and carboxyl
peaks detected

and Fe SWCNT
sidewall: C

iron particles: iron carbide and iron oxide

Values given as an average of five measurement points with standard deviations as errors. “Error

given as a typical standard deviation between 36 sheets and 341 measurement points. “Measured from SWCNT networks with an optical
transparency of ~90% (550 nm) and a sheet resistance of 88 Q/sq. “Most of the detected oxygen and all silicon from the native oxide of the silicon

wafer substrate.
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Table 2. Electrochemical Characterization of SWCNT
Networks™?

property electrode method result
AE,; in 1 mM Nafion/SWCNT on Ccv 68.8 mV
Ru(NH,) 2/ PET
(100 mV/s)
effective measurement Nafion/SWCNT on DPV up to 1.1V
range in PBS PET (vs Ag)
Ag reference stability in  Ag reference on PET E vs Ag/  drift of >60
PBS AgCl mV

(for 2 h)
Nafion-coated Ag E vs Ag/ no drift
reference on PET AgCl
“The SWCNT networks had an optical transparency of 71.6% (at S50
nm) and a sheet resistance of 73 Q/sq. bResults obtained from our

previous work with an integrated SWCNT sensor strip coated with
2.5% Nafion."”

the potential from drifting over time. Moreover, it should be
noted that while the Nafion layer used on these sensor strips is
thick enough to protect the reference electrode, it is still thin
enough not to significantly influence the time resolution of the
sensor.”>*® This is an essential property for sensors designed
for rapid POC devices. The main electrochemical properties of
the SWCNT sensor strips are listed in Table 2.

2.2. Calibration in Phosphate Buffered Saline (PBS)
and Capillary Blood. The differential pulse voltammetry
(DPV) curves for increasing concentrations of morphine are
shown in Figure 2 both in PBS (A) and whole blood (B). Both
graphs show the average DPV curves for four electrodes. The
current peak seen for morphine at around 0.35 V is commonly
attributed to the oxidation of the phenol group at the 3-
carbon.”’ Figure 2C shows the calibration curves with
background-subtracted peak currents with standard deviations
as error bars. A linear range of 0.5—10 uM was obtained for
morphine both in PBS (i = 0.085¢yo + 0.006, r* = 0.987) and
in whole blood (i = 0.048cy + 0.009, ©* = 0.994) with a
detection limit of 0.48 uM in PBS.

The detection limit obtained in this study corresponds to
clinical plasma concentrations of morphine reported in cancer
patients with chronic pain®®*” and cases of overdose.”” Table 3
compares the current study to other reports in the literature
conducted on detection of morphine in biological samples
within the last 5 years.

As can be seen from the table, lower theoretical detection
limits in buffer have been achieved with several different
electrode materials. It should be noted, however, that these
detection limits do not translate to low concentrations
detected in the real samples. In fact, the lowest reported
concentration of morphine detected in biological samples is 0.2
uM,*>" while others report detected levels above 1 uM.

It is also highlighted in Table 3 that in all the listed studies,
the biological samples have been heavily pretreated before the
measurements. Since all these studies use either plasma or
serum, these have to be first obtained from whole blood
samples by centrifugation, a process that takes around 10—15
min to complete.”” An additional minimum time of 30—60 min
is required for obtaining high-quality serum samples.’® After
this, proteins are precipitated with different agents such as
ammonium hyposulfate ((NH,),SO,), acetonitrile, methanol,
or perchloric acid (HCIO,) and separated by centrifugation.
This is followed by dilution of the sample at least 5X, with the
final dilution not always reported. These pretreatment steps
lead to assay times from 45 min to more than an hour.
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Figure 2. Average DPV curves of linear calibrations of morphine.
Increasing concentrations of morphine measured in (A) PBS (pH
7.4) and (B) untreated capillary blood (minimal dilution due to
spiking). The linear calibration curves are shown in (C) with standard
deviations as error bars (n = 4). All measurements are done with the
Nafion/SWCNT strip with 5 min accumulation time.

In contrast, in this study, morphine was measured in
completely untreated capillary whole blood with only a
minimal dilution due to spiking of the analyte into the sample,
an assay protocol closely resembling a POC-type test.
Morphine (0.5 pM) was detected in untreated capillary
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Table 3. Comparative Table of the State-of-the-Art Literature from the Past 5 Years on Studies of Electrochemical Detection of

Morphine in Biological Matrices”

LOD in PBS linear range lowest detected in the
electrode (uM) (uM) biological matrix sample treatment matrix (M) ref
M-CNF/CPE 0.0019 0.0033-55 serum precipitation ((NH,),SO,), centrifugation, and 50 14
55-245 dilution
MWCNT/ 0.01 0.05-920 serum precipitation (acetonitrile), centrifugation, and 10 34
MgFe,0,/CPE drying + dilution
CMNP-CPE 0.003 0.01-2 serum precipitation (methanol), centrifugation, and 10 35
2-720 dilution
Zn,Sn0,—GO/ 0.011 0.02—-15 plasma precipitation (HClO,), centrifugation, and 2 11
CPE dilution 5X
Pt/PSi—CILE 0.03 0.1-25 serum precipitation (HCIO,), centrifugation, and 1 8
dilution 5X
RhN-MC-modified 0.04 0.1-20 serum precipitation (methanol) and dilution 0.2 31
GCE
Nafion/SWCNT 0.48 0.5-10 capillary whole ~ minimal dilution (due to spiking) 0.5 this
blood work

“GO, graphene oxide; CPE, carbon paste electrode; RhN, rhodium nanoparticle; MC, mesoporous carbon; GCE, glassy carbon electrode;
MWCNT, multiwalled carbon nanotube; M-CNF, magnetic carbon nanofiber; CMNP, chitosan-coated magnetic nanoparticle; PSi, porous silicon;

and CILE, carbon ionic liquid electrode

whole blood with a total assay time of only several minutes, a
result that, to our knowledge, has not been published before.
2.3. Interference Study. DPV curves for the interference
measurements in PBS are shown in Figure 3A. The solid lines
show the DPV curves for 2.5 yuM morphine in PBS and the
dashed lines 2.5 M morphine in the presence of the
interferent. Thus, it is shown that the addition of the
interferent does not affect the oxidation peak of morphine.

In Figure 3B, the average peak current for 2.5 M morphine
measured with eight separate sensors is shown as the dark blue
bar and a relative standard deviation (RSD) of 9.9%
determines the toleration limits shown as horizontal lines.
This figure shows that none of the studied interferents cause a
change in the morphine peak current greater than the tolerance
limits. Thus, the molecules tested here do not interfere with
the detection of morphine.

2.4. Recovery Study in Capillary Blood. Since this test
strip is designed for single-use determination of morphine in
untreated capillary whole blood, a recovery test was carried out
with capillary blood from three different subjects. The samples
were spiked with three concentrations of morphine (1, 2.5, and
S uM) and measured with separate sensors as single
determinations. Samples were only minimally diluted due to
spiking. The measurements were conducted without fasting, on
different days, and different times of the day.

The measured single-point determinations are listed in
Table 4. The detected morphine concentrations were in good
agreement with the linear calibrations and the average RSD of
the three concentrations between the three subjects was 7.7%.
An average recovery of morphine in capillary whole blood was
found to be 60% with slight variations between subjects. The
unbound fraction of morphine in blood at room temperature is
known to be about 53—69%,°"*° which suggests that the
Nafion/SWCNT sensor only detects the free fraction of
morphine.

We have seen the same behavior before in our previous work
with Nafion-coated SWCNT networks on glass electrodes.”” In
this previous study, a recovery of 61.4% was found for
morphine and 41.5% for codeine in plasma. The unbound
fraction of codeine has been shown to be 44—45%.°**" Similar
results were also obtained in another study by Wester et al.'”

where the same sensor structure was applied in the detection of
acetaminophen in capillary whole blood.

The same study verified that these sensor strips are resistant
to passivation and thus the decrease in the current in whole
blood versus PBS cannot be explained by simple passivation by
proteins.'” Tt is likely that this resistance to protein fouling is
due to the antifouling properties of Nafion, also observed in
other studies."'

In a recent study on the detailed structure of Nafion thin
films, the diameter of the nanoscale channels extendin
throughout the film were found to be between 3—6 nm.”*
On the other hand, the dimensions of the most abundant
protein in human blood, albumin, are about 3.8 nm in
diameter and 15 nm in Iength.43 Thus, it is conceivable that
most proteins—as well as any opioid molecules bound to
them—are excluded from the Nafion-coated electrode surface,
protecting the surface from biofouling.

The results obtained in this work demonstrate the vital role
of hybrid materials in sensor design. While the SWCNT
network provides the necessary sensitivity toward the target
analyte, the Nafion coating enriches cationic analytes thus
further improving sensitivity and is essential for providing both
selectivity and protection against fouling for successful
measurements in biological matrices.

3. CONCLUSIONS

In this work, we demonstrated quantitative electrochemical
detection of clinically relevant concentrations of morphine in
untreated capillary whole blood. We used a disposable
SWCNT network sensor strip fabricated on a flexible
polyethylene terephthalate (PET) substrate and coated with
a thin Nafion membrane. With these sensors, a linear range of
0.5—10 M was achieved in both PBS and whole blood and a
detection limit of 0.48 M was obtained in PBS. In addition,
single-determination measurements were done with finger-
prick blood samples from three volunteers spiked with low
levels of morphine. An average recovery of 60% and RSD of
7.7% suggests that the sensor only detects the free fraction of
the analyte.

The complete assay time for these determinations was only
several minutes and the required sample volume 40 uL. The
samples were completely untreated except for a minimal

https://doi.org/10.1021/acsomega.1c00773
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Figure 3. Interference study. Morphine (MO) (2.5 M) measured in
the presence of several different interferents. (A) DPV curves for (B)
average peak current for 2.5 uM MO measured with eight separate
electrodes (dark blue) with the RSD as tolerance limits and the
corresponding peak currents for 2.5 uM MO in the presence of 10
UM codeine (CO), 10 yM tramadol (TR), 10 uM O-desmethyl-
tramadol (ODMT), 2.5 uM fentanyl (FEN), 10 uM nicotine (NIC),
20 uM caffeine (CAF), 950 uM salicylic acid (SA), and 10 uM
dextromethorphan (DEX). Peak currents are background-subtracted.

Table 4. Recovery Studies from Three Different Subjects

added (uM) found (uM) recovery % RSD % (n = 3)

subject 1 1 0.56 56.2
2.5 1.65 65.8
S 2.57 S51.4
subject 2 1 0.55 55.4
2.5 1.39 58.5
S 3.03 60.5
subject 3 1 0.67 66.7
2.5 1.69 67.4
S 3.03 60.7
average 60.0 7.7

dilution resulting from spiking of the analyte. The interferent
study demonstrated that the detection of morphine is not
hindered by other opioids and common interferents potentially

present in blood. As a conclusion, these results show that the
Nafion/SWCNT sensor strip has real potential to be applied in
a POC device for detection of morphine in whole blood
samples.

4. MATERIALS AND METHODS
4.1. Production of Nafion/SWCNT Strips. The SWCNT

networks were first collected on a filter by aerosol chemical
vapor deposition. The deposition process is described in more
detail in refs 44 and 45. The synthesized networks were then
press-transferred onto an A4-sized PET substrate, densified
with isopropanol, and baked at 100 °C for 10 min. To form
reference electrodes and contact pads, silver was screen-printed
on top of the collected SWCNT network.

The SWCNT counter and working electrodes were then
laser-patterned from the SWCNT sheet. Lastly, the patterned
strips were coated with 5% Nafion 117 (Sigma) with a slot-die
coater (FOM Technologies). The fabricated strips were then
cut out from the sheet by hand and wrapped in poly-
(tetrafluoroethylene) (PTFE, Saint-Gobain Performance Plas-
tics CHR 2255—2) tape with a 6 mm diameter hole to define
the measurement area. A step-by-step fabrication process is
provided in ref 17. Two sheets were fabricated with a total of
144 sensor strips.

4.2. Electrochemical Measurements. All electrochem-
ical measurements were performed with a PalmSens4 portable
potentiostat with a 40 uL sample size. DPV was used for all
measurements with a measurement window of 0.1-0.6 V,
pulse amplitude 70 mV, step potential 4 mV, and pulse period
0.02 s. Before measurements with any analyte, six DPV
backgrounds were first run in PBS (1X, pH 7.4) without
accumulation time followed by four backgrounds with a S min
accumulation time either in PBS or in whole blood. All
measurements with an analyte were recorded with a S min
accumulation time.

4.3. Calibration in PBS and Capillary Blood. Calibra-
tion measurements in PBS (0.01 M, pH 7.4) and untreated
capillary whole blood were carried out with physiologically
meaningful morphine concentrations of 0.5, 1, 2.5, 5, 7.5, and
10 uM with four separate electrodes in both matrices.
Concentrated morphine solution (2 uL) (prepared from
morphine hydrochloride, University Pharmacy, Helsinki,
Finland) was spiked in 38 L of samples, either PBS or
whole blood, resulting in a minimal dilution of the sample. The
electrode strip was rinsed with di-ionized water between each
concentration measurement. The limit of detection (LOD) in
PBS was calculated with the formula LOD = 3.3 X /s, where
o is the standard deviation of three consecutive background
currents in gA and s is the sensitivity of the electrode (uA/
uM). The value was reported as the average of four electrodes.

4.4. Interference Study. To assess the performance of the
Nafion/SWCNT strip in the presence of potential interferents,
2.5 puM morphine was measured with eight different
interferents: 10 yM codeine (codeine hydrochloride, Uni-
versity Pharmacy, Helsinki, Finland), 10 M tramadol (Tramal
50 mg/mL, Orion Pharma, Finland), 10 yM O-desmethyl-
tramadol (O-desmethyltramadol hydrochloride, Sigma), 2.5
UM fentanyl (fentanyl citrate, S0 pg/mL, Hameln), 10 yM
nicotine (Sigma), 20 yM caffeine (Sigma), 950 uM salicylic
acid (Sigma), and 10 yM dextromethorphan (dextromethor-
phan hydrobromide monohydrate, Sigma). These molecules
were selected either based on their similar molecular structure
to morphine or the high probability of their simultaneous
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presence in the blood with morphine. Each interferent was
measured with a separate electrode. The measurements were
done following a protocol of first measuring 2.5 M morphine
in PBS, rinsing the electrode with di-water, measuring twice in
PBS and finally in a mixture of 2.5 M morphine and the
interferent. All measurements with an analyte were done with a
S min accumulation time. The RSD for 2.5 M morphine in
PBS was calculated from these single-point measurements with
eight separate electrodes.

4.5. Recovery Study in Capillary Blood. To simulate a
real POC-type measurement, single point determinations were
carried out in untreated finger-prick whole blood from three
healthy volunteers. Blood samples were spiked with 1, 2.5, and
S uM morphine and measured with three individual electrodes
with S min accumulation time. The found morphine
concentration and recoveries from these measurements were
calculated from the calibration curve obtained in PBS. The
RSD was given as the average over all three concentrations.
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