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ARTICLE INFO ABSTRACT

Keywords: Propofol is one of the principal drugs used for the sedation of patients undergoing mechanical ventilation in
Propofol intensive care units. The correct dosage of such sedative drugs is highly important, but current methods of
EleCthhemi_cal sensor determining infusion rates are limited and there is a lack of suitable methods for directly determining patient
iﬁjnf;?;npome blood propofol concentrations. A significant challenge for the development of propofol sensors is that propofol

demonstrates very high protein binding, leading to a low free fraction in blood. Here we present a method for
improving the efficacy of an electrochemical propofol sensor by increasing the free fraction via a molecular
displacement approach. When used in conjunction with a carbon nanotube/graphene oxide/iron oxide nano-
particle functionalised screen-printed electrode, it was found that this approach dramatically improved the
sensor’s sensitivity towards propofol. Ibuprofen was found to be the most effective displacement agent, with an
optimal concentration of 30 mM. The resultant sensitivity was 2.82 nA/pg/ml/mm? with a coefficient of vari-
ation of 0.07, and the limit of detection was 0.2 pg/ml. This approach demonstrates high specificity towards
drugs commonly administered to intensive care patients.

Protein binding
Green synthesis

1. Introduction

Propofol (2,6-diisopropylphenol) is an intravenous anaesthetic used
for both anaesthesia and sedation. Due to favourable pharmacokinetic
properties, it has been the most commonly used intravenous anaesthetic
for the past three decades [1,2], and is one of the most common drugs
used to sedate patients undergoing mechanical ventilation in intensive
care units (ICUs) [3-6].

The care of patients under mechanical ventilation is challenging and
the correct dosage of sedatives such as propofol is highly important.
Under-sedation may result in increased patient discomfort as well as
immunosuppression and increased blood clotting, whereas over-
sedation may result in increased time on ventilation and increased
time in the ICU (with the associated demand on resources that ensues) as
well as increased risk of brain dysfunction [7-9]. Therefore, the sedation
of mechanically ventilated patients needs to be closely monitored.

The most common methods for determining propofol infusion rates
involve mathematical models incorporating pharmacokinetic data and
patient metrics (such as weight or age). However, these models suffer
from poor reliability [10,11]. In addition, propofol pharmacokinetics
can vary considerably for ICU patients [3,7], further increasing the
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unreliability of these models.

There exists a need for simple and rapid techniques for the deter-
mination of a patient’s blood propofol concentration. Established
laboratory-based techniques such as gas chromatography/mass spec-
troscopy (GC/MS) and high-performance liquid chromatography
(HPLC) suffer from limitations such as high cost, complexity and long
reporting times [12]. Several groups have investigated methods of
determining blood propofol concentrations via measurement of the
concentration in exhaled breath [10,11,13,14]. However, the concen-
trations of propofol in blood and exhaled breath have been shown to be
poorly correlated [15] and respiratory events —such as a reduction in the
rate, or cessation, of breathing — can hinder monitoring via breath. Some
groups have reported the measurement of propofol and its metabolites
in urine [16,17], however, the obvious time-lag makes this approach
impractical for patient monitoring.

Direct measurement of propofol in blood presents the most attractive
prospect for patient monitoring. However, this presents a specific
challenge as it is reported that as little as 2 % of propofol in blood exists
free in solution, with the remaining 98 % bound to either erythrocytes or
serum proteins [18]. Of the protein bound propofol, some binding will
occur to proteins such as op-acid glycoprotein [19,20] and lipoproteins

Received 17 January 2024; Received in revised form 22 July 2024; Accepted 5 November 2024

Available online 7 November 2024

2214-1804/© 2024 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:david.ferrier@uwe.ac.uk
www.sciencedirect.com/science/journal/22141804
https://www.elsevier.com/locate/sbsr
https://doi.org/10.1016/j.sbsr.2024.100710
https://doi.org/10.1016/j.sbsr.2024.100710
http://creativecommons.org/licenses/by-nc-nd/4.0/

D.C. Ferrier et al.

Displacer
Botnd #
propofol
Albumin Free
propofol

Fig. 1. Illustration of the molecular displacement mechanism. The displacer
molecule binds preferentially to the same binding site as propofol, therefore
displacing propofol and increasing the free propofol concentration.

[20,21], but the majority will be bound to albumin [19,22].

Albumin is the most common serum protein (comprising up to 55 %
of all serum proteins [23]) and binds to a wide variety of drugs and other
molecules [24-26]. Most drug binding occurs at two particular regions,
located on subdomains ITA and IIIA (often referred to as drug binding
sites 1 and 2 respectively), although binding does occur at other sub-
domains. Propofol primarily binds to subdomain IIIA, with a secondary
binding site at subdomain IIIB [24,27]. As multiple drugs can compete
for the same binding sites of albumin, there is the potential for dis-
placing propofol from its binding sites through competitive binding.

In this paper we present a methodology for improving the efficacy of
an electrochemical propofol sensor in serum solutions by introducing a
molecular displacer to reduce propofol/albumin binding and increase
the propofol free fraction (Fig. 1). This method is paired with a carbon
nanotube/graphene oxide/iron oxide nanoparticle (CNT/GO/FeONP)
nanocomposite sensor for the simple and rapid detection of propofol in
serum samples. In a previous publication we have reported the devel-
opment of CNT/GO/FeONP nanocomposites for the continuous moni-
toring of propofol, intended for patients undergoing general anaesthesia
[28]. GO enhances the performance of the sensor through its advanta-
geous electrical characteristics and large surface area-to-volume ratio.
CNTs act as spacers, preventing the agglomeration of the GO, as well as
also possessing favourable electrical characteristics. The FeO nano-
particles act as nanocatalysts for the oxidation reaction, enhancing the
sensitivity of the sensor. The metal oxide nanoparticles were synthesised
using green synthesis, an emerging field of techniques for the simple and
environmentally friendly synthesis of nanomaterials using extracts from
plants, bacteria, and fungi. In this work we have investigated discrete
detection, intended for use with patients undergoing mechanical
ventilation in conjunction with blood samples that are routinely drawn
from patients for standard testing, such as blood gas analysis.

2. Materials & methods
2.1. Materials

Dried bay laurel leaves were purchased from JustIngredients Ltd.
(UK). These were rinsed with deionised water and dried prior to use. All
other materials were purchased from Merk (Dorset, UK) and used as
supplied. Graphene oxide (GO) is 4-10 % edge oxidised (as stated by
supplier), and multi-walled carbon nanotubes (CNT) are carboxylic acid
functionalised (> 8 %), with an average diameter of 9.5 nm and an
average length of 1.5 pm (as stated by supplier).

2,6-diisopropylphenol (97 %) was made up to a 1 mM solution in a
1:9 mixture of dimethyl sulfoxide (DMSO, 99.9 %) and phosphate
buffered saline (PBS, 10 mM phosphate buffer, 2.7 mM KCl, 137 mM
NacCl, pH 7.4). This solution was then diluted in three different media to
produce propofol solutions of concentrations ranging between 0 and 10
pg/ml. The media used were (1) 10 mM PBS, (2) 5 wt% bovine serum
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albumin (heat shock fraction, pH 7, >98 %, prepared in 10 mM PBS),
and (3) bovine serum (adult).

Similar solutions were prepared using morphine, fentanyl, and
midazolam (all from 1 mg/ml stock solutions in methanol) in bovine
serum.

Displacer solutions consist of a DMSO solvent containing one of
various candidate displacer molecules at concentrations ranging be-
tween 50 and 500 mM. The potential displacer molecules investigated
were: 8-anilino-1-napthanlene sulfonic acid ammonium salt (ANS, >90
%), ibuprofen, indoxyl sulfate potassium salt, oleic acid (90 %), myristic
acid (>99 %) and L-thyroxine (>98 %).

2.2. Apparatus

The screen-printed electrodes were purchased from BVT Technolo-
gies (Strazek, Czech Republic) and consist of graphite working and
counter electrodes and a silver/silver chloride pseudo-reference elec-
trode. The working electrode diameter is 1 mm. All electrochemical
measurements were performed using a PalmSens EmStat3 potentiostat.

2.3. Sensor functionalisation

The functionalisation of screen-printed electrodes with a CNT/GO/
FeONP nanocomposite is described fully in a previous publication [28].
Briefly, a bay leaf extract solution was prepared by grinding 20 g of dried
bay leaves to a powder, heating them at 80 °C in 200 ml of deionised
water for 10 min and centrifuging to remove any remaining plant ma-
terial. GO was suspended in 0.1 M FeCl; solution at a concentration of 1
mg/ml and mixed with an equal volume of the bay leaf extract solution.
The mixture was left overnight to allow the iron oxide nanoparticles to
form. The nanoparticle decorated GO was removed from the solution by
centrifugation, mixed with CNT, and re-suspended in deionised water to
a concentration of 0.1 mg/ml CNT, 0.05 mg/ml GO. The screen-printed
electrode was functionalised by drop-casting the CNT/GO/FeONP
nanocomposite solution onto the working electrode using a BioDot
AD1520 dispensing system. Five 100 nl droplets were deposited at the
centre of the working electrode and allowed to dry at 60 % relative
humidity. This procedure was repeated until a total of 1.5 pl of nano-
composite solution had been deposited, then the electrode was rinsed
with deionised water and dried in ambient conditions.

2.4. Measurement

Prior to electrochemical measurement, 50 pl of bovine serum was
deposited onto the sensor surface and cyclic voltammetry performed
between —0.6 and + 0.8 V at a scan rate of 100 mV/s until a stable
baseline was obtained. The electrode is then rinsed with deionised water
and dried in air at ambient conditions.

Differential pulse voltammetry (DPV) measurements were per-
formed using a starting potential of —0.6 V, an end potential of +0.8 V, a
step potential of 0.02 V, a pulse amplitude of 0.05 V, a pulse duration of
0.2's, and a scan rate of 50 mV/s. Measurements were performed using
50 pl samples of either 10 mM PBS, 5 wt% BSA (10 mM PBS) or bovine
serum with varying propofol concentration.

For displacement experiments, 5 pl of displacer solution were mixed
with 45 pl of bovine serum (with a propofol concentration between
0 and 10 pg/ml), left for 60 s and then deposited on the electrode surface
where DPV is performed. After each measurement the electrode surface
is rinsed with DI water and dried in ambient conditions. Similar ex-
periments were performed for bovine serum solutions containing
morphine, fentanyl or midazolam.

2.5. Baseline correction

A custom MatLab algorithm for baseline correction was created,
based on that described by Gorski et al. [29]. A description of its
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Fig. 2. Differential pulse voltammograms for a) 10 mM phosphate buffered saline (PBS); b) 5 wt% bovine serum albumin, 10 mM PBS; and c¢) bovine serum solutions
with propofol concentrations of (i) 0, (ii) 1, (iii) 2, (iv) 4, (v) 6, (vi) 8, and (vii) 10 pg/ml.

operation can be found in the Supplementary Information.
3. Results & discussion

The optimum polynomial order for baseline correction was found to
be fourth-order. Any increase beyond this resulted in negligible im-
provements in fitting with increased potential for overfitting (i.e.
removing signal as well as baseline). Therefore, for all of the DPV results
presented in this paper, baseline correction using fourth-order poly-
nomial fitting was performed. Further information is presented in Sup-
plementary Information, Fig. S2.

Figure 2a shows the differential pulse voltammograms for propofol
solutions of varying concentrations in 10 mM PBS. A clear, concentra-
tion dependant propofol peak can be seen at approximately 300 mV.
This peak is caused by the electrochemical oxidation of propofol, which
occurs by the same mechanism as other phenolic molecules [30]. Fig. 2b
shows the results for the same DPV measurements carried out in a 5 wt%
BSA solution (10 mM PBS). While, once again, a clear, concentration
dependant propofol peak can be observed, this peak has shifted to
approximately 420 mV and the peak currents are significantly reduced
(to approximately 20 % of that in PBS). This is the result of a significant
proportion of the propofol being bound to the albumin. This albumin
concentration is representative of physiological levels [31]. Fig. 2c
shows the results for the same DPV measurements carried out in spiked
bovine serum. Additional peaks can be seen at approximately 150, 200
and 520 mV which are most likely the result of the presence of dopa-
mine, uric acid [32-36] and amino acids such as L-tyrosine and L-

tryptophan [37-40] all of which would be expected to be present in
serum. In the serum case there is no apparent concentration dependant
propofol peak, indicating a higher degree of protein binding than is the
case for albumin alone. While it is reported that albumin is the major
serum protein responsible for propofol binding [18], it is known that
other serum proteins bind to propofol, including «-acid glycoprotein
[19,20] and lipoproteins [20,21], and this is confirmed by the absence of
a propofol peak in Fig. 2c. It is clear from Fig. 2 that a significant ma-
jority of propofol is protein bound in serum, and that the free concen-
tration is below the detection limit of these sensors, necessitating a
means of increasing the free fraction of propofol.

Indoxyl sulfate, ANS and ibuprofen are all reported to bind to sub-
domain IIIA of human serum albumin (HSA), each with a binding af-
finity (K,) two orders of magnitude higher than that of propofol [24,26].
Thyroxine is documented to bind to several binding sites of HSA,
including subdomains IIIA and IIIB and to bind to HSA with an affinity
one to two orders of magnitude higher than for propofol [24,25,41].

Fatty acids are reported to bind to HSA at seven binding sites, with
sites 3 and 4 corresponding to subdomain IIIA and site 5 corresponding
to subdomain I1IB [24,42,43]. It has been reported that, when compared
to many other fatty acids, oleic acid possesses the highest binding af-
finity for sites 3, 4 and 5, three orders of magnitude higher than that of
propofol [44]. While lower than that of oleic acid, the binding affinity of
myristic acid has been reported to be two to three orders of magnitude
higher than that of propofol [26,44].

However, indoxyl sulfate, thyroxine and ANS were all found to be
electrochemically active in the same potential range as propofol
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Fig. 3. Differential pulse voltammograms of propofol in bovine serum using
ibuprofen displacer. Ibuprofen concentration is 30 mM (10 % dimethyl sulf-
oxide (DMSO)), propofol concentrations are: (i) 0, (ii) 1, (iii) 2, (iv) 4, (v) 6, (vi)
8, and (vii) 10 pg/ml.

(Supplementary Information, Fig. S3) and were discounted as possible
displacers for this reason. Ibuprofen has also been reported to be elec-
trochemically active, but at potentials beyond the range investigated
here [45-47].

DMSO is used as a solvent for the displacers as it is known to dissolve
a wide range of compounds, including hydrophobic molecules [48]. The
final concentration in serum is kept to 10 % as it is known that, above
this level, it can contribute to protein unfolding [49,50].

Figure 3 shows DPVs performed in bovine serum containing propofol
with concentrations spanning the therapeutic range (1-10 pg/ml) [51]
with the addition of ibuprofen (with a final concentration of 30 mM and
10 % DMSO) as a displacer. It can be seen that there is a clear, con-
centration dependant peak at approximately 480 mV, corresponding to
the oxidation of propofol. This peak is absent without the inclusion of
the ibuprofen (see Fig. 2c¢) showing that the ibuprofen is effectively
increasing the free fraction of propofol by displacing the albumin bound
propofol. This method allows the detection of propofol in serum at
concentrations that are not possible without the addition of a displacer.

Figure 4A shows the current at 480 mV against propofol concentra-
tion for DPV performed in bovine serum with varying ibuprofen con-
centration. Fig. 4B shows the resultant gradient for a least-squares linear
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fit versus ibuprofen concentration. The sensitivity increases with
ibuprofen concentration, indicating a higher free fraction of propofol
and therefore a greater degree of displacement, up to 30 mM. Above 30
mM the sensitivity begins to decline, potentially indicating saturation.
Additionally, the linearity appears to increase with increasing ibuprofen
concentration, but also declines above 30 mM. From this we conclude
that a final ibuprofen concentration of 30 mM is optimal for displacing
propofol from bovine serum albumin.

Oleic acid and myristic acid were also found to be effective displacers
for propofol, however, to a significantly lesser degree than ibuprofen
(Supplementary Information, Fig. S4). It is known that fatty acids and
drugs bind to albumin in different ways, with fatty acid binding pro-
ducing global conformal changes, whereas drugs produce only local
changes [24]. This difference may account for the different efficacies as
molecular displacers. Additionally, albumin site IIIA, the principal
binding site for propofol, is also the principal binding site for ibuprofen,
whereas this region corresponds to fatty acid binding sites 3 and 4 out of
7 [24]. Therefore, any given molecule of ibuprofen is more likely to
occupy the principal binding site of propofol than a given molecule of a
fatty acid.

Whilst ibuprofen may be present in a patient’s blood as a result of
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Fig. 5. Average current at 480 mV for three electrodes versus propofol con-
centration in bovine serum. Ibuprofen concentration is 30 mM (10 % DMSO).
The error bars represent one standard deviation.
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Fig. 4. a) Current at 480 mV versus propofol concentration for differential pulse voltammograms in bovine serum. The displacer is ibuprofen at final concentrations
of: (i) 5, (ii) 10, (iii) 20, (iv) 30, (v) 40, and (vi) 50 mM. In all cases the DMSO concentration is 10 %. b) The gradient of a least-squares linear fit versus ibuprofen

concentration.



D.C. Ferrier et al.

0.08 (a)
0.07
0.06
0.05
0.04

0.03

Current (pA)

0.02

0.01

0.25 03 0.35 0.4 0.45 05 0.55
-0.01
Potential (V)

0.09
0.08
0.07
0.06
0.05

0.04

Current (pA)

0.03

0.02

0.01

0
0.25 03 035 04 0.45 0.5 0.55

001
Potential (V)

Sensing and Bio-Sensing Research 46 (2024) 100710

0.08

Current (pA)

o
S

0.01

0.25 03 0.35 04 0.45 0.5 0.55
-0.01
Potential (V)
30
25 o !

20 "'.

15 Ty

Current (nA)

10 R

20 40 60 80 100 120
[Drug] (% Therapeutic range maximum)

Fig. 6. Differential pulse voltammograms of three potential interfering drugs: a) morphine (0-100 ng/ml), b) fentanyl (0-300 ng/ml), ¢) midazolam (0-100 ng/ml).
d) Current at 480 mV versus concentration for each drug and comparison with equivalent for propofol ((i) propofol, (ii) midazolam, (iii) fentanyl, (iv) morphine). In

all cases medium is bovine serum, 10 % DMSO and 30 mM ibuprofen.

medication, it is unlikely that this would significantly impact the
displacement process. The upper end of the therapeutic range for
ibuprofen is 30-50 pg/ml [51], which corresponds to less than 1 % of the
optimal displacement concentration.

Figure 5 shows the average current versus propofol concentration
(for three sensors) for an ibuprofen concentration of 30 mM (10 %
DMSO) in bovine serum. There is a clear linear response across the
therapeutic range of propofol [51]. The limit of detection (LoD) is 0.2
pg/ml, using the formula: oD = 3.3 g%, where oy, is the standard
deviation at a low propofol concentration. The sensitivity is 2.82 nA/pg/
ml/mm? with a coefficient of variation of 0.07. In the absence of the
ibuprofen displacer, this sensor is not capable of detecting propofol at
these concentrations in bovine serum (Supplementary information,
Fig. S5). Similar experiments were performed for an ibuprofen concen-
tration of 30 mM with mixing times of 30 and 120 s (Supplementary
Information, Fig. S6). There is little discernible difference between the
current responses for each of these mixing times, indicating that
maximal propofol displacement has occurred.

This limit of detection is of a similar magnitude to those of the
spectrophotometric approaches for discrete propofol detection
described by Gad-Kariem and Abounassif [16] and Liu et al. [52], who
report limits of 0.28 pug/ml in plasma and 0.25 pg/ml in whole blood
respectively. It is lower than those of the fluorescence approaches re-
ported by Sramkova et al. [53] and Diao et al. [54] (1.3 and 0.5 pg/ml
respectively), but these approaches have only been reported for

application to propofol emulsions.

Figure 6 shows identical DPV measurements performed with varying
concentration of three potential interfering compounds. Morphine
(Fig. 6a) and fentanyl (Fig. 6b) are two of the most commonly used
opioids for pain management in ICU patients [7,9]. Midazolam (Fig. 6¢)
is a benzodiazepine and is one of the most commonly used sedatives in
ICUs [7,9,55]. It can be seen that there are no significant redox peaks
within the measurement range and no significant change in current with
respect to concentration when compared to propofol (Fig. 6d). In each
case, the drug concentration was varied across its therapeutic range
(morphine - 0.01 to 0.1 pg/ml; fentanyl — 0.005 to 0.3 pg/ml; mid-
azolam - 0.04 to 0.1 pg/ml [51,56]).

Morphine is known to bind to HSA, with a lower affinity than pro-
pofol [57]. However, it has been shown to bind to a location to which
neither propofol nor ibuprofen bind, suggesting that it will most likely
be unaffected by the presence of the displacer solution. Fentanyl is
typically 80-85 % bound to plasma proteins but binds to HSA with a
lower affinity than propofol [57,58]. Its primary binding site on HSA is
not a binding site for either propofol or ibuprofen, but it has a secondary
binding site at site IIIA [57] suggesting that the presence of the displacer
solution may result in an increased free fraction of fentanyl, but any
increase is likely to be less significant than for propofol. Midazolam is
known to bind to HSA at the same location as both propofol and
ibuprofen at site IIIA, and to display a binding affinity of the same order
of magnitude as propofol [59]. It is therefore likely that the presence of
the displacer solution will result in an increased free fraction of
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midazolam. It is clear from Fig. 6 that, irrespective of any potential in-
fluence of the displacer upon the protein binding of these potential
interfering compounds, the sensor demonstrates high specificity towards
them.

4. Concluding remarks

We have demonstrated a method for improving the efficacy of an
electrochemical propofol sensor by the molecular displacement of
protein-bound propofol, thereby increasing the free fraction. We found
that, of those investigated, ibuprofen presents the best candidate as a
displacer molecule, producing the highest degree of displacement whilst
not being electrochemically active in the same potential region as pro-
pofol. The optimal final ibuprofen concentration was found to be 30
mM.

Used in conjunction with a CNT/GO/FeONP nanocomposite func-
tionalised screen-printed electrode sensor, this method results in a linear
response across the therapeutic range of propofol with a limit of
detection that is superior to that of reported optical-based discrete
propofol measurement techniques. This sensor performance is simply
not possible without the application of the molecular displacement
technique.

This approach is simple, rapid and produces results with a high de-
gree of specificity towards drugs commonly administered to ICU pa-
tients. This molecular displacement technique could potentially be
applied to the detection of other highly protein-bound molecules. Future
work will include investigation of any differences in optimal displacer
concentration when applied to human serum albumin and investigation
of this technique applied to whole blood, or its incorporation with a
suitable plasma separation method.
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