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Abstract 
 

Despite the growing evidence of improved patient outcomes and of a substantially reduced 

environmental impact of propofol-based total intravenous anesthesia when compared to volatile-

based techniques, the vast majority of general anesthetics still use volatile agents for the maintenance 

phase. A significant reason for this is the lack of suitable point-of-care, real-time blood propofol 

measurement techniques. Here we present an enzyme-based electrochemical biosensor for the 

detection of propofol. Deactivated yeast cells expressing the enzyme cytochrome P450 2B6 are 

immobilized, alongside gold nanoparticles, within a chitosan film upon the surface of a screen printed 

electrode. In the presence of the cofactor NADPH, the enzyme converts propofol to a quinone/quinol 

redox pair that can be detected using simple electrochemistry. This approach avoids the issue of 

electrode fouling that commonly renders electrochemical propofol sensors impractical. The sensor 

has a limit of detection of 67 ± 7 ng/ml and a sensitivity of 4.2 ± 0.2 nA/μg/ml/mm2. It has been 

successfully demonstrated in a serum-like solution and has shown a linear response across the 

therapeutic range of propofol (1 – 10 μg/ml). Additionally, the sensor has shown good specificity with 

regards to potential interfering compounds. 
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1. Introduction 
 

Propofol (2,6-diisopropylphenol) is an intravenous drug used to induce and maintain general 

anesthesia. Its favorable pharmacokinetic characteristics mean that it has been the most widely used 

intravenous anesthetic for the last thirty years [1] [2]. 

 

The most common practice in general anesthesia is to induce using intravenous methods and to 

maintain using volatile-based methods [3]. However, total intravenous anesthesia (TIVA), wherein 

anesthesia is both induced and maintained intravenously, has many benefits. For instance, there is 

emerging evidence that the long-term survival rates for cancer patients may be significantly improved 

for patients who undergo TIVA as opposed to volatile-based anesthesia [4]. Also, the most commonly 

used volatile anesthetics are potent greenhouse gasses with global warming potentials 2-3 orders of 

magnitude higher than that of carbon dioxide, meaning that TIVA (which does not require the use of 

these gasses) has a significantly reduced environmental impact [5] [6]. In addition, TIVA has reduced 

side effects when compared to volatile-based anesthesia [7]. A major obstacle to the widespread 

adoption of TIVA is the lack of suitable methods for direct, real-time monitoring of the propofol 

concentration in a patient’s bloodstream. Current practice is to use models to calculate the required 

infusion rate based on general pharmacokinetic data and patient metrics such as weight. However, 

these models are not very accurate and possess significant shortcomings [3] [8]. The most common 

current laboratory-based methods for propofol detection include gas chromatography-mass 

spectroscopy (GC-MS) and high-performance liquid chromatography (HPLC), both of which possess 

significant limitations in terms of cost, complexity and reporting time [1] [9]. As such, there is a 

significant need for real-time, point-of-care propofol sensors.  

 

Several groups have developed novel optical techniques for propofol detection, such as the 

spectrophotometric approach of Liu et al. [10] and the fluorimetric approach of Diao et al. [11]. 

However, such techniques have typically only been demonstrated for discrete, rather than continuous, 

measurement.  

 

It is possible to detect propofol electrochemically, via its oxidation. However, this reaction produces 

radicals which undergo further reactions to produce polymeric molecules at the electrode surface [12] 

[13]. These polymers are insoluble and non-conductive and thus lead to significant electrode fouling. 

Therefore, the direct electrochemical detection of propofol is not practical for real-world applications, 

where any propofol sensor would be required to produce stable currents over periods of up to several 

hours. The group of Lindner et al. have attempted to overcome this challenge through the application 

of a plasticized polyvinyl chloride membrane [1] and Aiassa et al. have attempted to compensate for 

electrode fouling through machine learning [14]. 

 

In this paper we present an electrochemical propofol biosensor based upon the enzyme cytochrome 

P450 2B6. The enzyme is expressed within deactivated yeast cells, which are in turn immobilized 

alongside gold nanoparticles within a chitosan film upon the surface of a screen-printed electrode. 

Cytochrome P450 2B6 is one of the principal enzymes responsible for metabolizing propofol within 

the human body [15]. In the presence of the cofactors nicotinamide adenine dinucleotide phosphate 

(NADPH) and D-glucose-6-phosphate, the enzyme will convert propofol into a quinone/quinol redox 

pair [16] (Fig. 1). The NADPH acts as an electron source, allowing the enzyme to catalyze the 

conversion of propofol. Unlike direct electrochemical oxidation, the conversion of propofol in this 

manner will not lead to polymerization and therefore will not cause electrode fouling. The redox pair 

can be detected electrochemically, thus enabling the simple and rapid measurement of the propofol 



concentration. Immobilizing the enzyme within the yeast cells preserves the stability of the enzyme, 

which can otherwise prove challenging. Chitosan was chosen as the means of immobilization as it is 

abundant, biocompatible and highly porous. The addition of the gold nanoparticles is to provide 

additional stabilization of the enzyme. 

 

 
Fig. 1 – Reaction mechanism for conversion of propofol to quinone/quinol redox pair by cytochrome P450 2B6. NADPH acts 
as the electron source for the enzyme reaction and the electrode is used to detect the reaction products. Adapted from Shioya  
et al. [13]. 

 

2. Materials and methods 
 

a. Materials 
 

All materials were obtained from Sigma-Aldrich (Dorset, UK) and used as supplied. β-Nicotinamide 

adenine dinucleotide phosphate sodium salt hydrate (NADP+) and D-glucose-6-phosphate dipotassium 

salt hydrate (G6P) were dissolved in phosphate buffered saline (PBS) (10 mM phosphate buffer, 2.7 

mM KCl, 137 mM NaCl, pH 7.4) to produce solutions in which the concentration of each was 50 µg/ml. 

Unless stated otherwise, this was the testing solution for the electrochemical measurements 

described in section 2d. Solutions of identical buffer, NaCl, KCl, NADP+ and G6P concentrations were 

also prepared with the addition of 5 wt% of bovine serum albumin (BSA) (heat shock fraction, pH 7, 

≥98%). 2,6-diisopropylphenol (97%) was diluted in dimethyl sulfoxide (99.9%) to create a 10 mM stock 

solution. This stock was further diluted with the NADP+/G6P solution to produce propofol solutions of 

varying concentrations as required for the tests described herein. Ascorbic acid (>99%) and lidocaine 

were each dissolved in dimethyl sulfoxide to produce 10 mM stock solutions and diluted in the same 

manner as the propofol solutions to produce 1 mM solutions. 

 

b. Apparatus 
 

The screen-printed electrodes used in these experiments were purchased from BVT Technologies 

(Strážek, Czech Republic). They constitute a three-electrode cell consisting of a 1 mm diameter 

graphite working electrode, a graphite counter electrode and a silver/silver chloride (Ag/AgCl) pseudo-

reference electrode. All measurements were performed using a PamSens EmStat3 potentiostat. 

 



c. Electrode preparation 
 

Gold nanoparticles were produced using a standard sodium citrate reduction technique [17]. Briefly, 

10 mg of gold chloride hydrate (HAuCl4) (99.995%) were dissolved in 20 ml of deionized water and this 

solution brought to boiling point under magnetic stirring. Trisodium citrate dihydrate (≥99%) was 

dissolved in deionized water to produce a 2.5 wt% solution and 1 ml of this solution was added to the 

HAuCl4 solution and the mixture kept at boiling point for 5-10 minutes until it had undergone a color 

change to deep red, before being allowed to cool to room temperature. 

CypExpress 2B6 (a deactivated, permeabilized yeast expressing cytochrome P450 2B6 and NADPH 

oxidoreductase) was suspended in phosphate buffer (pH 7) at a concentration of 25 mg/ml. This 

suspension was mixed with the gold nanoparticle solution and a 1 wt% chitosan solution (1% acetic 

acid) in a ratio of 1:1:2 by volume (resulting in a gold:CypExpress:chitosan ratio by mass of 

approximately 1:100:42). 1 µl of this mixture was drop-cast onto the working electrode of each screen-

printed electrode and left to dry at 4°C. Once dry, the electrodes were immersed in 10 mM PBS for 30 

minutes at room temperature, before being re-dried and stored at 4°C until use. Additional electrodes 

were prepared in a similar manner without the addition of gold nanoparticles. An equivalent volume 

of phosphate buffer (pH 7) was added in place of the gold nanoparticle solution. 

 

d. Electrochemical measurement 
 

Cyclic voltammetry measurements were performed by depositing 50 µl of propofol solutions of 

varying concentration upon the functionalized electrodes and cycling the potential between -0.8 and 

+1.0 V, commencing at +0.1 V, with a scan rate of 100 mV/s. 

 

Amperometry measurements were performed by immersing the functionalized electrodes in 20 ml of 

50 µg/ml NADP+ and G6P solution (10 mM PBS) and measuring the current at +0.6 V. The solution was 

stirred magnetically and aliquots of 1 mM propofol solution were injected at regular intervals. Similar 

experiments were carried out injecting aliquots of 1 mM ascorbic acid and lidocaine solutions, and 

using NADP+/G6P solutions containing 5 wt% BSA. 

 

Control measurements were carried out by performing amperometry as above in 10 mM PBS solutions 

without NADP+ or G6P, and injecting aliquots of 1 mM propofol solution at regular intervals. These 

experiments were carried out in triplicate using the same electrode. Between each run the electrode 

was rinsed with 10 mM PBS, dried and stored at 4°C overnight. 

 

3. Results and discussion 
 

Cyclic voltammetry with varying propofol concentration (Fig. 2) shows concentration dependent peaks 
at approximately +0.5 V and -0.2 V. This behavior is as would be expected for a quinone/quinol redox 
pair [18], with the peaks corresponding to the reduction of 2,6-diisopropylquinone and the oxidation 
of 2,6-diisopropylquinol respectively. This indicates that the enzyme within the yeast cells is 
converting propofol to the expected metabolites. Additionally, these results inform the selection of 
the potential for the amperometry measurements. 



 

 
Fig. 2 – Cyclic voltammograms of solutions of propofol concentration: a) 0.00, b) 0.89, c) 1.78, d) 2.67, e) 3.57 and f) 4.47 
µg/ml at a scan rate of 100 mV/s. All solutions contain 50 µg/ml NADP+ and G6P, 10 mM PBS. Potentials are vs. screen-
printed Ag/AgCl. 

 
The amperometry measurements show a clear increase in current with each injection of propofol 
solution (Fig. 3a). The responses are fast, reaching a plateau within two minutes, and stable 
throughout the experiment. The stability of the sensor response over the duration of the experiment 
demonstrates the absence of any electrode fouling resulting from the direct oxidation of propofol. 
Plotting the average plateau current against the propofol concentration (Fig. 3b) shows that the sensor 
produces a clear linear response to varying propofol concentration across the testing range. The 
sensitivity is 4.1 ± 0.2 nA/µg/ml/mm2 with a coefficient of variation of 0.07, and the limit of detection 
is 67 ± 7 ng/ml, well below the lower end of the therapeutic range (typically 1 – 10 µg/ml [19]). The 
sensitivity was determined by dividing the gradient of the linear fit by the area of the working 
electrode and the limit of detection (𝐿𝑜𝐷) was calculated using the equation: 𝐿𝑜𝐷 = 3.3×
𝜎𝑙𝑜𝑤 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡⁄ , where 𝜎𝑙𝑜𝑤  is the standard deviation at a low propofol concentration. These 
experiments were carried out in triplicate and baseline correction has been applied to all 
amperometry results. 
 
 

 
Fig. 3 – (a) Amperometric response of functionalized electrode with successive injections of 20 μl of 1 mM propofol solution. 
Potential is +0.6 V vs. screen-printed Ag/AgCl. Solution is 10 mM PBS containing 50 µg/ml NADP+ and G6P. (b) Mean of the 
plateau current (relative to the baseline) against propofol concentration. The error bars represent three standard deviations. 

 



The concentration range shown in Fig. 3 is below the typical therapeutic range for propofol. However, 
approximately 98% of propofol in human blood is bound to either erythrocytes or serum proteins, 
with only the remaining 2% existing free in solution [20]. Therefore, the relevant testing range for a 
potential point-of-care propofol sensor in a real-world setting will likely be far below that of the 
therapeutic range, and this is a more meaningful range over which to assess the sensor’s performance. 
The response of the sensor has been shown to be stable for up to 10 days from fabrication when 
stored at 4°C, with sensors tested over this time period showing no apparent decrease in sensitivity 
(Supplementary data, Fig. S1) and no signs of electrode fouling. The coefficient of variation for the 
sensitivity of the sensors tested over this time period was 0.09. 
 
The limit of detection of 67 ng/ml compares favorably with that of alternative reported propofol 
detection techniques. It falls within the range of reported values for techniques such as HPLC [21] [22] 
and GC/MS [23] [24], and whilst these techniques can achieve greater sensitivity, they are complex, 
expensive and incapable of continuous measurement. The limit of detection for this technique is also 
lower than that reported for emerging optical techniques such as spectrophotometry [10] and 
fluorescence spectrometry [11], neither of which have been demonstrated as being applicable to 
continuous, real-time measurement. It also compares favorably with other electrical and 
electrochemical approaches. It is lower than the detection limit achieved using a chemiresistive 
molecularly imprinted polymer (MIP), as reported by Hong et al. [25]. An approach that, to date, has 
only been demonstrated for discrete rather than continuous measurement. This limit of detection is 
an order of magnitude lower than achieved by voltammetry with machine learning fouling 
compensation, as reported by Aiassa et al. [14], and while this approach has been demonstrated for 
continuous monitoring of propofol, it has only been demonstrated up to a period of ten minutes, 
rather than the hours more typical of procedures requiring general anesthesia. A summary of other 
reported techniques and how their detection limits compare is shown in Table 1.  
 
 

Approach Limit of detection 

(ng/ml) 

Medium Reference(s) 

HPLC 1 – 250 Buffer/blood [21] [22] 
GC/MS 2.5 – 110 Urine/blood [23] [24] 
Spectrophotometry 270 Blood [10] 
Fluorescence spectroscopy 500 Buffer [11] 
Chemiresistive MIP 100 Plasma [25] 
Voltammetry with fouling correction 428 Buffer [14] 
Cytochrome P450 2B6 amperometric biosensor 67 ± 7 Buffer This study 

Table 1 – Summary of reported limits of detection for various propofol detection and quantification techniques. Where 
limits of quantification were stated in preference to limits of detection, the limit of detection has been assumed to be one 
third of the limit of quantification.  

 
Other groups have reported enzyme-based electrochemical sensors for the detection of phenolic 
molecules. One such example is Nazari et al. who have demonstrated laccase-based sensors for the 
detection of catechol in water [26] [27] [28]. This group has investigated several different methods of 
immobilizing the enzyme and have achieved limits of detection ranging between approximately 3.5 
and 228 ng/ml. The limit of detection of the sensor reported here falls within this rage. However, this 
group have mostly reported discrete, rather than continuous, measurement, so it is unclear how 
significant an issue electrode fouling will prove for laccase-based sensors. 
 
In order to assess the performance of the sensor in conditions closer to the physiological, the 
amperometric response of the sensor was obtained in a solution consisting of 50 µg/ml of NADP+ and 
G6P, and 5 wt% BSA in 10 mM PBS (2.7 mM KCl, 137 mM NaCl, pH 7.4). This solution is considered 
“serum-like” as it possesses physiological salinity [29], pH [30] and albumin concentration [31]. It can 



be seen from Fig. 4 that the sensor produces a linear response across the therapeutic range. The 
sensitivity (0.64 ± 0.02 nA/µg/ml/mm2) is reduced and the limit of detection (262 ± 54 ng/ml) is 
increased when compared to the response in the PBS solution, but as stated previously, this is to be 
expected as the majority of the propofol will bind to the albumin and thus be prevented from reaching 
the sensor surface. However, the limit of detection is still comfortably below the lower end of the 
therapeutic range. There is no discernable change in the response time of the sensor between the 
buffer solution and the BSA solution (Supplementary data, Fig. S2). 
 
 

 
Fig. 4 – (a) Amperometric response of functionalized electrode in serum-like solution with successive injections of 200 μl of 
1mM propofol solution. Potential is +0.6 V vs. screen-printed Ag/AgCl. Solution is 10 mM PBS containing 5 wt% BSA, 50 µg/ml 
NADP+ and G6P. (b) Mean of the plateau current (relative to the baseline) against propofol concentration. The error bars 
represent three standard deviations. 

 
Amperometric measurements were performed while injecting solutions of ascorbic acid and lidocaine 
(Fig. 5). It can be seen that increasing concentration of ascorbic acid (i-iii) produces a slight increase in 
current, but far below that produced by equivalent concentrations of propofol (vii-ix). Injections of 
lidocaine solution (iv-vi) produced no observable change in current. Ascorbic acid was chosen as it is 
well documented to be a common source of interference for electrochemical biosensors [32], being 
easily oxidized and the most common electroactive biological molecule [33]. Lidocaine is significant 
as, in addition to being commonly used as part of general anesthesia [34] [35], it is another substrate 
of the enzyme cytochrome P450 2B6 [36]. The typical ranges of both ascorbic acid and lidocaine are 
of a similar order of magnitude to the therapeutic range of propofol [19]. It is clear from Fig. 5 that 
the functionalized electrodes demonstrate high specificity toward these two potential sources of 
interference. 
 
 



 
Fig. 5 – Amperometric response of functionalized electrode with successive injections of ascorbic acid solution (i-iii: 0.18, 0.35 
and 0.53 µg/ml respectively), lidocaine solution (iv-vi; 0.23, 0.47 and 0.70 µg/ml respectively) and propofol solution (vii-ix; 
0.18, 0.35 and 0.53 µg/ml respectively). Potential is +0.6 V vs. screen-printed Ag/AgCl. Solution is 10 mM PBS containing 50 
µg/ml NADP+ and G6P. 

 
Fig. 6a shows the results of amperometry measurements in the absence of NADP+ and G6P. These 
experiments serve as a control for the contribution of the enzyme, as in the absence of these cofactors 
the enzyme will not catalyze the conversion of propofol as it will no longer have a source of electrons. 
Therefore, the increases in current observed after the addition of propofol solution are the result of 
the direct electrochemical oxidation of the propofol. In the first run it can be seen that after the fourth 
injection of propofol (corresponding to a concentration of approximately 0.7 µg/ml) there is a clear 
trend of decreasing current with time, suggestive of electrode fouling. This is even more apparent in 
Fig. 6b, in which it can be seen that the current response plateaus at approximately 1 µg/ml of 
propofol, a value that is well within the linear range of the sensor as discussed previously. Repeated 
measurements, performed using the same electrode on successive days, show a similar response but 
at significantly reduced sensitivities. The third run with the electrode has a sensitivity that is 22% that 
of the first run. These results are clear evidence of fouling of the electrode by propofol oxidation, 
fouling that does not occur in the presence of NADP+ and G6P, where propofol is converted by the 
enzyme. Similar experiments performed with the addition of NADP+ and G6P result in the sensor 
showing a sensitivity on the third run that is approximately 95% of that on the first run with a 
coefficient of variation of 0.09 (Supplementary data, Fig. S3). Similar fouling effects are seen for 
electrodes fabricated in an identical manner, only without the inclusion of the CypExpress 2B6, 
(Supplementary data, Fig. S4) confirming that these effects are the result of propofol not being 
converted to the quinone/quinol pair by the enzyme.  
 
 



 
Figure 6 – (a) Amperometric response of electrode with successive injections of 20 μl of 1 mM propofol solution in the absence 
of NADP+ and G6P for the first, second and third repetitions of the same electrode on successive days. Potential is +0.6 V vs. 
screen-printed Ag/AgCl, solution is 10 mM PBS. (b) Mean of the plateau current against the propofol concentration. The error 
bars represent three standard deviations. 

 
It is well documented that gold nanoparticles can help stabilize proteins including enzymes [37] [38] 
[39]. Sensors fabricated without the addition of the gold nanoparticles display clear signs of electrode 
fouling at higher propofol concentrations (Fig. 7), indicating that the enzyme has denatured and is no 
longer converting the propofol as expected. Thus it can be seen that the presence of the gold 
nanoparticles is essential for maintaining the stability of the cytochrome P450 2B6.  
NADP+ and G6P must be present in excess so as to provide a sufficient supply of electrons to the 

enzyme and not present a limiting factor for the enzymatic conversion of propofol. Amperometric 

measurements with NADP+ and G6P concentrations of 25 and 10 µg/ml also show signs of electrode 

fouling at higher propofol concentrations (Supplementary data, Fig. S5). 

 

 

Figure 7 – Amperometric response of electrode functionalized without gold nanoparticles with successive injections of 20 μl 
of 1 mM propofol solution. Potential is +0.6 V vs. screen-printed Ag/AgCl. Solution is 10 mM PBS containing 50 µg/ml NADP+ 
and G6P. 

 

 



4. Concluding remarks 
 
 
We have demonstrated an enzyme-based propofol biosensor that avoids issues of electrode fouling 
by converting the propofol into a quinone/quinol redox pair which can be detected via simple 
electrochemistry. This sensor responds to changes of propofol concentration within one minute, has 
a limit of detection of 67 ± 7 ng/ml and has been shown to have good specificity towards two potential 
interfering compounds. The sensor has been demonstrated in a serum-like solution and has a linear 
response across the therapeutic range of propofol. This sensor represents an important first step in 
developing an effective means of real-time, point-of-care monitoring of the blood concentration of 
propofol for general anesthesia patients. 

 
Future work will focus on incorporating the sensor into a suitable analyte recovery system (such as a 

microdialysis system [40]), allowing for continuous, real-time propofol monitoring without the need 

for drawing blood, and optimizing the sensor for such an application. There is considerable scope for 

improving the detection limit of this approach further still, for instance by nanostructuring the 

electrode surface, switching to micro-scale electrodes or a combination thereof. In addition, the 

specificity of the sensor in relation to other perioperative drugs will be investigated. 
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