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A B S T R A C T   

On-site monitoring of plasma drug concentrations is required for effective therapies. Recently 
developed handy biosensors are not yet popular owing to insufficient evaluation of accuracy on 
clinical samples and the necessity of complicated costly fabrication processes. Here, we 
approached these bottlenecks via a strategy involving engineeringly unmodified boron-doped 
diamond (BDD), a sustainable electrochemical material. A sensing system based on a ~1 cm2 

BDD chip, when analysing rat plasma spiked with a molecular-targeting anticancer drug, pazo
panib, detected clinically relevant concentrations. The response was stable in 60 sequential 
measurements on the same chip. In a clinical study, data obtained with a BDD chip were 
consistent with liquid chromatography–mass spectrometry results. Finally, the portable system 
with a palm-sized sensor containing the chip analysed ~40 μL of whole blood from dosed rats 
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within ~10 min. This approach with the ‘reusable’ sensor may improve point-of-monitoring 
systems and personalised medicine while reducing medical costs.   

1. Introduction 

Measurement of plasma concentration of drugs – in particular, those with a narrow therapeutic window – at designated intervals is 
necessary for optimising dosage regimens for individual patients [1,2]. Currently, in clinical trials and in clinical practice, most drugs 
are detected by an immunoassay or liquid chromatography− mass spectrometry (LC− MS). The measuring instruments for these 
methodologies are too expensive for small- and medium-sized hospitals and clinics. In addition, LC− MS requires well-trained 
personnel. Therefore, in many cases, plasma samples are delivered to and analysed by third parties. Because this outsourcing takes 
a long turnaround time of several days to a few weeks and is costly, it is difficult to modify a therapeutic protocol for each patient in 
real time with reference to actual drug concentrations in plasma. Such disadvantages are hurdles for disseminating ‘therapeutic drug 
monitoring’ (TDM) as a standard of medical care to resource-limited areas, including local communities with small population and 
developing countries [3,4]. Notably, TDM is economically impactful; the global market size was valued at US$2.2 billion in 2021 and is 
expected to reach US$3.5 billion by 2028 (https://precisionbusinessinsights.com/market-reports/global-therapeutic-drug- 
monitoring-market/). 

To address these bottlenecks, a variety of biosensors suitable for portable or on-site drug monitoring were recently created. For 
example, an immunoassay using an advanced label of near-infrared fluorescent dye detects an immunosuppressant, mycophenolic 
acid, with a limit of detection (LOD) of 2.5 nM and a dynamic range of 5.3–121.7 nM in human plasma [5]. The surface plasmon 
resonance sensor employing a DNA aptamer can measure the concentration of an antineoplastic drug, irinotecan, with a high selec
tivity in a range of 0.2–12.8 μM [6]. More excellent sensitivity is described in a surface-enhanced Raman spectroscopy method with a 
direct anticoagulant, edoxaban, (limit of quantification: 1 pM) [7]. An electrode based on CeBiOx nanofiber detects acetaminophen 
with a low detection limit of 0.2 μM [8]. Furthermore, a sensor combining a molecularly imprinted polymer with an electrochemical 
electrode can separately quantify the antibiotics ceftazidime and avibactam in clinical samples [9]. Nevertheless, these devices have 
not yet been actually translated to routine clinical applications owing to the following problems. First, it is essential for the devices to 
be tested for sensor-to-sensor variability, and it is necessary to quantitatively compare the measurements in real-world samples from 
patients to the results of current gold standard methods, but there are limited number of studies where ‘both’ evaluations have been 
performed [10]. The second reason is related to the design of advanced sensors; most of them are constructed from a combination of 
drug-recognizing bioreceptors such as specific antibodies, enzymes, DNA aptamers, and molecularly imprinted polymers, along with 
an electrochemical or optical platform converting a biological response to a quantifiable signal [5,6,9,11–14]. Processes for the 
identification, fabrication, optimisation, and integration of these components likely require much effort and complex techniques and 
therefore will necessitate considerable expenditures and turnaround time. Third, as for low-invasiveness watch-type and 
microneedle-type wearable sensors [15,16], they detect a drug in sweat and in dermal interstitial fluid, thereby raising questions 
whether and how the drug fraction detectable in these matrices mirrors the plasma concentration [10]. 

Another key issue of TDM is that in plasma, ‘total drug concentration’, which is the sum of a protein-bound fraction and a protein- 
unbound (free) fraction, is currently measured and interpreted in terms of pharmacokinetic principles and relevant clinical parameters 
[17]. Accordingly, less expensive systems for rapid and easy determination of a total concentration are in demand. To address this issue 
and the problems mentioned above, in this study, we propose an electrochemical approach involving a boron-doped diamond (BDD) 
electrode without any engineering modifications. The electrochemical method analyses electrical properties generated by movement 
of electrons from one element to another in a reaction, called redox or oxidation-reduction reaction. As compared to conventional 
materials such as carbon, gold, and platinum, BDD is characterised by a wide potential window for water stability, a low capacitive 
current, high repeatability of the measurement, and high resistance to non-specific absorption [18–20]. In the analytical systems we 
constructed, a small BDD chip of ~1 cm2 serves as a drug sensor. As a test compound, we chose multi-kinase inhibitor pazopanib, a 
molecular-targeting anticancer drug whose TDM is thought to be clinically effective [21,22]. To the best of our knowledge, this 
compound has not been fully characterised by electrochemical approaches. When plasma samples from orally dosed healthy rats and 
patients with sarcoma were analysed in our tabletop system, the estimated concentrations approximately matched the values deter
mined by LC coupled with tandem mass spectrometry (MS/MS). Not only did the BDD chips demonstrate a significantly high level of 
quantitativity, but they also exhibited excellent measurement repeatability. Moreover, we examined the reproducibility of results 
among different chips. Notably, these three evaluation tests are not addressed by a recently developed BDD-based biosensor, which is 
deposited with graphite on the surface and thereby could be more costly and time-consuming than our engineeringly unmodified chips 
[23]. Finally, we developed a prototype of a handy monitoring system equipped with a handheld-type biosensor. This system, which 
may be useable in laboratories of regular hospitals and clinics, successfully determined drug concentration in plasma from a small 
aliquot of whole blood, ~40 μL, within a short sampling-to-result time: ~10 min. A bioreceptor-free BDD chip is reusable and easy to 
handle, has a low production cost, and theoretically can detect a wide variety of drugs by simply modifying the electric-potential 
protocol. Consequently, the strategy described in this study may contribute to advances in point-of-monitoring systems and reduc
tion of the cost for TDM worldwide. 
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2. Results 

2.1. Basic experiments with BDD chips in a tabletop system 

2.1.1. Electrochemical characterisation of pazopanib 
Initially, we examined the basic electrochemical profile of pazopanib by means of plate electrodes made of different materials such 

as diamond doped with 1% or 10,000 ppm boron (i.e. BDD), conventional glassy carbon, or platinum, in a tabletop system composed of 
a sensing element, potentiostat, and desktop computer (Fig. 1). In the sensing element, a square-shaped chip of each electrode (~1 
cm2) without any pre-treatment was overlaid with a small cylindrical chamber that has a circular hole at the bottom (volume of the 
applied sample: 120 μL; the hole diameter: 6 mm; electrochemically reactive surface area: ~28 mm2; Supplementary Fig. S1). All the 
BDD chips used in this study (chip IDs: A–J) were derived from the same wafer plate (see Methods). Cyclic voltammetry with a BDD 
chip (chip ID: A) in phosphate-buffered saline (PBS) containing 300 μM pazopanib clearly indicated – as compared to the response in 
PBS alone – two different current components: an anodic current that was evoked at >0.7 V (versus Ag/AgCl) and a cathodic current 
that began at − 0.2 V and gradually increased as the potential was shifted in the negative direction (Fig. 1a). A glassy-carbon chip 
elicited a similar anodic current but barely detected the cathodic current (Fig. 1b). Hardly any drug response was observed with a 
platinum chip (Fig. 1c). Plasma, which is in general employed for TDM, contains large amounts of endogenous substances including 
albumin, ascorbic acid, and uric acid, which induce a marked current at positive potentials over ~0.25 V [24–26]. This current likely 
interferes with the anodic current resulting from pazopanib. Overall, because in the pazopanib-containing solution, the BDD chip 
yielded a clear-cut current at negative voltages (Fig. 1a), this material was most suitable for the purpose in this study. 

Additional experiments revealed two patterns [1]: induction of the cathodic current from pazopanib requires an oxidised form, 
which is generated by the potential protocol used in Fig. 1a (Supplementary Fig. S2a), and [2] the cathodic current was detectable on 
the electrode chip with an oxygen (O)-terminated surface but not with a hydrogen (H)-terminated surface (Supplementary Fig. S2b). 
To address the latter issue, a pre-treatment potential protocol for O termination – i.e. initial potential 0 V, stepping to 1.0 V for 5 s, 
stepping to − 1.0 V for 20 s, and holding at 1.0 V for 60 s – was applied in advance to BDD chips in all the following electrochemical 
experiments. 

2.1.2. Optimisation of the potential protocol for the measurement of pazopanib levels in rat plasma 
Next, we tested whether a BDD chip (chip ID: C) could detect pazopanib dissolved in plasma collected from a Wistar rat (Fig. 2). 

When plasma alone was analysed, the cyclic voltammogram showed a significant anodic current at potentials exceeding 0.2 V and a 
cathodic current similar to the current recorded in PBS alone. Addition of pazopanib (300 μM) increased both the anodic current and 
cathodic current, but the amplitudes were small (Fig. 2a). Therefore, we treated the test samples with acetonitrile to remove the 
endogenous proteins before electrochemical measurement (Fig. 2b; see ‘Protocol 1’ in Supplementary Fig. S3a). This procedure 
significantly reduced the anodic currents evoked at positive potentials in plasma samples with and without pazopanib; however, at 
negative potentials, the procedure strongly enhanced the drug-induced current. Accordingly, we decided to pre-treat all plasma 
samples with acetonitrile in the following assays. In addition, the observations in this series of experiments (Fig. 2) indicated that the 
electrochemical approach possibly detects the protein-unbound fraction of pazopanib and that the method with acetonitrile can 
analyse the ‘total’ fraction underlying clinically relevant pharmacokinetic principles and parameters [17]. In this context, the 
enhanced fraction of the response with acetonitrile treatment is likely to mirror protein-bound fraction. Note that in the assays of 
plasma alone, little current was detected at negative potentials in the presence and absence of acetonitrile (Fig. 2a and b). This 
observation indicates that the plasma contains negligible amounts of endogenous substances that evoke significant reduction reaction 
and can influence the cathodic current elicited from pazopanib. Therefore, application of the negative potentials to BDD chip is 
suitable for analysis of the drug. 

Fig. 1. Electrochemical analysis of pazopanib with plate electrode chips composed of different materials. The panels show cyclic voltammograms 
obtained with a plate-type electrode chip made of 1% boron-doped diamond (BDD) (a; chip ID: A), glassy carbon (GC) (b), or platinum (c). Each chip 
was set in a chamber of the tabletop measurement system illustrated in Supplementary Fig. S1. Phosphate-buffered saline (PBS) alone (black curves) 
or 300 μM pazopanib in PBS (magenta curves) was analysed by the potential protocol described in the insets (sweep rate: 0.1 V s− 1, potential window: 
− 1.0 to 1.5 V, initial potential: 0 V versus Ag/AgCl). 
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Square wave stripping (SWS) voltammetry offers higher sensitivity and a broader dynamic range for measurement of analytes than 
cyclic voltammetry does [27]. Indeed, this notion was confirmed in PBS containing pazopanib by means of a BDD chip (Supplementary 
Fig. S4). Therefore, we selected SWS voltammetry for detecting pazopanib in plasma. Furthermore, in the processes of the sample 
preparation, not only the necessary volume of acetonitrile but also small aliquots of tetramethylammonium chloride (TMA; 10 mM) 
and sodium dodecyl sulphate (SDS; 1 M) were added to the samples in all the subsequent SWS voltammetric experiments (see ‘Protocol 
2’ in Supplementary Fig. S3b). This arrangement was attributed to the reports that the supporting electrolyte, TMA, can reduce the 
resistance of the nonaqueous solution (i.e. acetonitrile) and SDS is likely to generate on the electrode surface a uniform negative charge 
film that enhances access of chemical compounds [28–30]. Our potential protocol for the electrochemical measurement consisted of 
four procedures (Fig. 3a); (i) step chronoamperometry for ‘pre-conditioning’ in a 1 M KOH solution for electrode surface O-termination 
(see Supplementary Fig. S2b), (ii) two cycles of cyclic voltammetry in PBS for ‘quality control’, which verifies whether the potential 
window of water stability and the baseline redox current are adequate, (iii) SWS voltammetry for the analysis of a plasma sample by 
the optimised potential protocol (deposition potential: 1.4 V, deposition time: 30 s, potential range: − 0.8 to 0.4 V, ΔE: 50 mV, 
square-wave frequency: 10 Hz, and pulse amplitude: 50 mV), and (iv) step chronoamperometry for ‘conditioning’ in PBS, which likely 
removes fouling from the electrode surface and returns it to the initial state. Procedures (ii) to (iv) were repeated for sequential 
multiple-time measurements. 

Fig. 3b shows a representative set of data from SWS voltammetry on a BDD chip (chip ID: D) with plasma samples spiked with 
pazopanib at different concentrations, from 0 to 150 μM, the range that covers the therapeutic window (43.3–97.1 μM) [31]. For this 
assay, the plasma was collected from the same rat (animal ID: Rt09). Initially, a sample without the drug was examined; the current 
relatively stabilised at − 4 μA from ~0.3 to ~0 V and gradually enlarged as the applied potential was enhanced in the negative di
rection (0 to − 0.8 V). When pazopanib-containing samples were tested, the latter current component got amplified in a 
concentration-dependent manner. 

It was expected that in SWS voltammograms with plasma samples collected from different rats, the amplitudes of the baseline 
current evoked at ~0.3 to ~0 V would be inconsistent to some extent. In this context, when a calibration curve was obtained directly 
from the current amplitudes at some potential, the curve’s property could vary among different individuals. To minimise this variation, 
we instead attempted to use slope values calculated from the current amplitudes at two separate potentials (ΔI/ΔV). Analysis of 
numerous combinations of the potentials revealed that the data at − 0.35 V and − 0.45 V (ΔI/ΔV–0.35 V;–0.45 V) afforded a sensitive and 
stable calibration curve (Fig. 3b and see Figshare 1, https://doi.org/10.6084/m9.figshare.19313882, regarding protocol optimisa
tion). Fig. 3c shows that plots of ΔI/ΔV–0.35 V;–0.45 V values at different drug concentrations (see Fig. 3b) were fitted to linear regression. 
Notably, this slope (Fig. 3c) significantly exceeded the slopes of the calibration curves obtained with the current amplitude at − 0.35, 
− 0.4, − 0.45, − 0.6, and − 0.8 V (Supplementary Fig. S5). 

Next, with a different BDD chip (chip ID: E), we evaluated measurement stability (Fig. 3d). The plasma sample containing either 10 
or 50 μM pazopanib was alternately applied to the chip in the chamber 30 times each, and SWS voltammetry was carried out in every 
trial. ΔI/ΔV–0.35 V;–0.45 V values at each concentration were highly stable and similar to their mean values (13.92 for 10 μM and 20.54 

Fig. 2. Detection of pazopanib in rat plasma with a BDD chip. In this series of experiments, phosphate-buffered saline (PBS), plasma collected from a 
rat, and a rat plasma sample spiked with 300 μM pazopanib were assayed on a boron-doped diamond (BDD) chip (chip ID: C) in the tabletop system. 
The chip was pre-treated with a 1 M KOH solution via the potential protocol for oxygen termination of the surface (initial potential: 0 V vs Ag/AgCl, 
stepping to 1.0 V for 5 s, stepping to − 1.0 V for 20 s, and holding at 1.0 V for 60 s), and was subjected to cyclic voltammetry (sweep rate: 0.1 V s− 1, 
potential window: − 1.0 to 1.5 V, initial potential: 0 V versus Ag/AgCl) (for the protocols; see insets). Voltammograms of PBS alone, plasma alone, 
and plasma containing the drug are indicated by black, blue, and magenta curves, respectively. Although in panel a, plasma samples in the presence or 
absence of pazopanib were directly assayed on the chip, in panel b, the samples were treated with acetonitrile (ACN) to remove endogenous proteins 
prior to the electrochemical measurement (Supplementary Fig. S3a). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 3. Optimisation and evaluation of the detection protocol of pazopanib. a, The optimised potential protocol for electrochemical detection of 
pazopanib in rat plasma. The protocol consists of four procedures; (i) ‘pre-conditioning’ chronoamperometry in a 1 M KOH solution (1 mL) for 
electrode surface O-termination (initial potential: 0 V versus Ag/AgCl, − 1.0 V for 20 s, and 1.0 V for 60 s), (ii) two cycles of cyclic voltammetry in 
PBS (120 μL) for ‘quality control’ (sweep rate: 0.1 V s− 1, potential window: − 1.0–1.5 V, initial potential: 0 V), (iii) Square wave stripping (SWS) 
voltammetry for ‘measurement’ in a sample (120 μL) (deposition potential: 1.4 V, deposition time: 30 s, potential range: − 0.8 to 0.4 V, ΔE: 50 mV, 
square-wave frequency: 10 Hz, pulse amplitude: 50 mV), and (iv) ‘conditioning’ chronoamperometry in PBS (120 μL) (initial potential: 0 V, 2.0 V for 
1 s, − 3.0 V for 1 s, and 2.0 V for 1 s). Before (i), (ii), and (iii), the electrode surface was washed (w/o) with ultrapure water. Procedures (ii) to (iv) 
were repeated for sequential multiple-time measurements. b, Measurements of pazopanib levels in rat plasma by SWS voltammetry. Plasma samples 
spiked with the drug at different concentrations (0–150 μM; inset) were processed by several procedures including the addition of acetonitrile as 
depicted in Supplementary Fig. S3b before the electrochemical detection with a boron-doped diamond (BDD) chip (chip ID: D). For each con
centration, slope values obtained at the current amplitudes of − 0.35 V and − 0.45 V (ΔI/ΔV–0.35 V;–0.45 V; see Figshare 1; https://doi.org/10.6084/ 
m9.figshare.19313882) are plotted in panel c. c, The calibration curve. The slope and R2 of the regression line are indicated. d, Repeatability of 
measurement with a BDD chip (chip ID: E). In this experiment, the sequential protocol shown in a was utilised, and ΔI/ΔV–0.35 V;–0.45 V values are 
plotted in the panel. Initially, rat plasma alone was assayed twice. Thereafter, plasma containing pazopanib at 10 or 50 μM was alternately analysed 
30 times for each sample. Finally, the control plasma was again analysed twice. Consequently, 64 measurements were carried out. 
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for 50 μM) throughout the experiment; the coefficients of variation in the 10 and 50 μM data were 3.0% and 4.6%, respectively 
(Table 1), which were much less than 15%, i.e. the standard precision level for bioanalyses [10,32]. Moreover, interclass correlation 
coefficients ICC(1, 1) and ICC(1, 30) were 0.975 and 0.999, respectively, indicating high reliability of the repeated measurements 
(≥0.90) [33]. It is also noteworthy that the baseline values obtained two times with blank plasma at the outset of the assay were almost 
identical and closely matched those recorded at the end (the coefficient of variation: 2.2%, mean value for ΔI/ΔV–0.35 V;–0.45 V: 12.14; 
Fig. 3d and Table 1). 

Table 1 
Evaluation of the repeatability of measurement with a BDD chip.  

Pazopanib ΔI/ΔV–0.35 V;–0.45 V 

Standard deviation Mean Coefficient of variation (%) 

0 0.27 12.14 2.2 
10 μM 0.42 13.92 3.0 
50 μM 0.95 20.54 4.6 

The displayed values were obtained via the analysis of the data in Fig. 3d. 

Fig. 4. Analysis of plasma from rats treated systemically with pazopanib. Five healthy rats were orally given pazopanib once at the dose of 100 mg 
mL− 1 kg− 1 (time point: zero), and then, whole blood (180 μL) was collected at time points 1, 2, 3, 4, 5, 6, 8, and 24 h. The extracted plasma samples 
were processed by the protocol described in Supplementary Fig. S3b and subjected not only to square wave stripping (SWS) voltammetry with a 
boron-doped diamond (BDD) chip (chip ID: F) in the tabletop system but also to the measurement by liquid chromatography coupled with tandem 
mass spectrometry (LC–MS/MS). Note that before the drug administration, blood samples were taken three times and analysed with the same 
method to record the baseline response. Regarding the experiments in panels a–c, for each rat, ΔI/ΔV–0.35 V;–0.45 V values obtained by SWS vol
tammetry (see Fig. 3a) were converted to the concentrations by means of an individual calibration curve (Supplementary Fig. S6a) (Method #1 in 
the text). Panel a describes plots of averaged values (mean ± SD, n = 5), respectively [note: for a few animals, LC–MS/MS data at certain time point 
(s) were lacking; see Supplementary Fig. S7 and Methods]. Panel b is a comparison of the electrochemical and LC–MS/MS measurements. The solid 
line represents a linear relation fitted to the data via Deming regression analysis (slope = 1.053), and the dashed line shows y = x equivalence. Panel c 
presents Bland–Altman analysis of the difference between the electrochemical and LC–MS/MS measurements (subtraction of the former from the 
latter) plotted as a function of the mean of these values. The solid grey line indicates the bias (i.e. the mean difference, − 4.6 μM), whereas the dashed 
lines represent the 95% confidence interval (i.e. the range of 1.96 SD: − 26.0 to 16.8 μM). In d− f, the ΔI/ΔV–0.35 V;–0.45 V values obtained from the rat 
plasma collected over time are converted to analyte concentrations by a different method as follows (Method #2 in the text). The ‘general’ slope of 
the calibration curve was determined from the linear regression that was derived from the electrochemical data (measurements of 0–150 μM 
pazopanib) from all the five rats (Supplementary Fig. S6b). Then, for each rat, the average of the measurements carried out three times before the 
drug administration was used as baseline (i.e. 0 μM) for computing the concentrations. In panel d, the electrochemical measurement for the average 
data on the five rats is displayed and compared to the LC–MS/MS measurements. Panels e and f are a scatter plot (slope for Deming regression =
0.9081: solid line, y = x equivalence: dashed line) and a Bland–Altman plot (bias: 2.7 μM, 95% confidence interval: − 16.7–22.2 μM), respectively. 
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2.2. Examination of BDD-chip systems with the samples from dosed animals and humans 

2.2.1. Analysis of plasma samples collected from rats that received pazopanib orally 
From the standpoint of clinical practice, we attempted to investigate whether pazopanib in the plasma obtained from an orally 

treated animal model can be quantified by a BDD chip (chip ID: F; Fig. 4). In mammals, two metabolites can be derived from pazopanib, 
but their amounts are negligible (<5% proportion for each) [34]. Therefore, we focused on the parent compound for the analyses. 
From each of five healthy Wistar rats (animal IDs: Rt01− 05), whole blood was initially collected three times at an interval of ~0.5 h for 
determining the baseline level, a calibration curve (Supplementary Fig. S6a), and the limit of detection (LOD), followed by single oral 
administration of the drug at 100 mg mL− 1 kg− 1. After that, the blood (180 μL) was longitudinally collected at time points 1, 2, 3, 4, 5, 
6, 8, and 24 h (see ‘Protocol 2’ in Supplementary Fig. S3b). Fig. 4a illustrates the average result for all five tested animals (animal ID: 
Rt01− 05). In this assay, ΔI/ΔV–0.35 V;–0.45 V values obtained by SWS voltammetry were converted to analyte concentrations by means 
of the calibration curve unique to the tested rat (termed ‘Method #1’). The plasma drug level abruptly went up in 1 h; it continued to 
increase and reached a peak of 62.6 ± 8.0 μM (mean ± SD, n = 5) at 8 h among the blood-sampling time points. At 24 h, the con
centration returned to baseline. Among the five rats, time to the maximum concentration varied to some extent (Table 2 and Sup
plementary Fig. S7a), as reported elsewhere [35]. As an additional assessment of the quantitative nature of the pazopanib detection by 
the BDD chip, the plasma samples collected at different time points in all the rats were analysed by LC− MS/MS. In the average data, 
overall, the measurements were comparable to the data generated by the BDD chip (Fig. 4a). This similarity was observed in each case 
of the individual rats (animal IDs: Rt01− 05, Supplementary Fig. S7a). In support of this finding, when pazopanib concentrations 
measured by LC− MS/MS were plotted against those determined by the BDD chip, the slope of Deming regression (i.e. 
errors-in-variables regression) was 1.053 (Fig. 4b). Moreover, a Bland− Altman plot indicated a small bias of − 4.6 ± 10.9 μM (i.e. the 
mean difference between the values obtained by two methods ± SD; Fig. 4c) [36]. The majority of the data points fell within a 95% 
confidence interval of − 26.0 to 16.8 μM, indicating that there was little systematic variation between the results obtained with the two 
methods. Therefore, the BDD-based system can, at least semi-quantitatively, determine plasma pazopanib concentrations. 

In terms of possible practical use of the BDD chip–based system at a clinical site, it is unrealistic to build the chip’s calibration curve 
for each patient in advance. In this regard, in a series of analyses depicted in Fig. 4d, a curve’s slope was determined from the linear 
regression that represented the electrochemical assays (0− 150 μM pazopanib) of the samples from all the five rats (Supplementary 
Fig. S6b). This ‘general’ slope likely corresponds to the average value of all the animals or even to the value obtained using other 
standard samples. Then, for each rat, the average of the ΔI/ΔV–0.35 V;–0.45 V values obtained three times before drug administration was 
used as a zero μM reference. The data analysed with this ‘Method #2’ fell into a sufficiently acceptable range for quantitativity, as 
compared to the data from LC–MS/MS (Fig. 4d for the average data from the five rats; see Supplementary Fig. S7b). The slope of 
Deming regression was 0.9081 (Fig. 4e), and bias and the 95% confidence interval in the Bland− Altman plot were 2.7 ± 9.9 μM and 
− 16.7 to 22.2 μM, respectively (Fig. 4f). 

2.2.2. Detection of pazopanib in clinical samples 
We next investigated whether a BDD chip in the tabletop system can quantify plasma pazopanib in patients (Fig. 5). Eight par

ticipants (patient IDs: Pt01− 08) with different sarcoma types and various clinical characteristics received the drug orally once a day; 
six patients took other drug(s) before or during pazopanib treatment (Fig. 5a and Figshare 2; https://doi.org/10.6084/m9.figshare. 
19313900.v1). In each patient, the dose of pazopanib was determined or controlled in accordance with his or her physical condi
tion, age, symptoms of the primary disease, complications, and adverse effects induced by the drug during a period of monitoring (8 or 
16 days). Note that in two patients (patient IDs: Pt06 and Pt08), pazopanib treatment was discontinued due to severe general fatigue 
and bradycardia, respectively. Blood samples (6 mL) were collected from individuals at four time points: ~20− 2 h before and 2 h after 
the first drug administration and immediately before the drug administration on the 3rd and 8th days (i.e. trough values) (except for 
Pt06 whose final sample was taken on the 16th day). Then, the plasma fractions were processed (‘Protocol 2’ in Supplementary 
Fig. S3b), and the concentrations were determined by two approaches [1]: a BDD chip (chip ID: F) with ‘Method #2’, which involved 
the ‘general’ calibration curve constructed from the data on all the patients (Supplementary Fig. S8a) and the measurement of 
ΔI/ΔV–0.35 V;–0.45 V in the samples initially collected from the patients to implement the zero μM reference, and [2] LC–MS/MS. 
Overall, the results were consistent between the two approaches except for the data on the 8th day in Pt07 and on the 3rd day in Pt08 
(Fig. 5a). A scatter plot indicated that the slope of Deming regression was 0.88 (Fig. 5b), which likely rivals the performance of 
commercially available sensors for C-reactive protein, glucose, or haemoglobin [37]. In the Bland− Altman plot (Fig. 5c), bias was 
small, 4.4 ± 13.1 μM, and most data points were within the 1.96 SD range (i.e. 95% confidence interval: − 21.3–30.0 μM). These 

Table 2 
Pharmacokinetic parameters of pazopanib in rats.   

Rt01 Rt02 Rt03 Rt04 Rt05 Average SD 

Peak concentration (Cmax,obs, μM) 73.3 60.0 69.2 50.4 60.0 62.6 8.0 
Time to maximum concentration (tmax,obs, h) 8 4 3 8 5 5.6 2.1 
Area under the curve (AUC8h, μM⋅h) 469.4 311.4 345.2 210.9 375.2 342.4 84.2 

Cmax,obs: maximal drug concentration among the blood-sampling time points. 
tmax,obs: time to Cmax,obs at blood-sampling points. 
AUC8h: area under the curve from zero to 8 h. 
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observations confirmed the accuracy of the measurements by means of the BDD chip system. 

2.3. Evaluation and modification of BDD-chip systems for possible clinical applications 

2.3.1. Repeatability and reproducibility of the measurement with BDD electrodes 
As depicted in Fig. 6, we evaluated BDD’s performance in multiple ways. First, each of the two chips tested in Fig. 3 (chip IDs: D and 

E) was again subjected to SWS voltammetry (see Fig. 3a), with 0–150 μM pazopanib dissolved in plasma collected from multiple rats 
(animal IDs: Rt06− 17), and the calibration curves’ slope values were compared to those generated by chip F for the assays of the orally 
treated rats (see Fig. 4). Mean ± SD values were 0.35 ± 0.04 for chip D (n = 6; Supplementary Fig. S9a), 0.15 ± 0.01 for chip E (n = 6; 
Supplementary Fig. S9b), and 0.26 ± 0.04 for chip F (n = 5; Supplementary Fig. S6a). For each individual chip, the slope values were 
similar, as confirmed by the coefficient of variation of approximately ≤~15% (Table 3) [10,32]. With chip F, when spiked plasma 
samples of five different guinea pigs were tested (animal IDs: GP01− 05, Supplementary Fig. S10), the result was 0.27 ± 0.01 (mean ±
SD), which resembled the aforementioned rat data and even the results on patients’ plasma (0.30 ± 0.01; n = 8; Supplementary 
Fig. S8b; p = 0.8889 and 0.063, respectively, one-way ANOVA and post hoc Tukey’s test). These observations confirmed remarkably 
high repeatability of the measurement (see Fig. 3d). Nonetheless, significant sensor-to-sensor variability of the slope was observed 
among the three chips (rat samples; p < 0.0001 for chip D versus chip E and chip E versus chip F; p < 0.001 for chip D versus chip F; 

Fig. 5. Detection of pazopanib in plasma from orally treated patients. a, Monitoring of plasma pazopanib concentrations in individual patients. 
Eight participants with sarcoma were given pazopanib at 800, 600, or 400 mg basically once a day (closed, grey, and open arrowheads, respectively; 
see the left box) starting from Day 1. Some patients took other drug(s) before and/or during pazopanib treatment (arrows above the data plots and 
Figshare 2; https://doi.org/10.6084/m9.figshare.19313900.v1). The chemotherapy was discontinued on Day 5 in Pt06 and Pt08 (closed circles); the 
latter patient resumed the therapy on Day 8. Whole-blood samples (6 mL) were collected from each patient at four time points; ~20− 2 h before and 
2 h after the first pazopanib administration and immediately before the administration on the 3rd and 8th days (see the left box) (except for Pt06, 
whose final sampling was performed on Day 16). Then, in the extracted plasma fractions, the concentrations were determined by means of a BDD 
chip (chip ID: F) in the tabletop system with ‘Method #2’ (see the text) as analysed in Fig. 4d (see also Supplementary Fig. S3b) as well as by LC–MS/ 
MS. The former analysis involved the ‘general’ calibration curve, which represented a summary profile of the calibration curves of all the patients 
(Supplementary Fig. S8a). Limits of detection (LODs) obtained in the electrochemical analysis are indicated in each panel. Note that in the Pt05 
dataset, the LC–MS/MS measurement before the drug administration is missing because of a loss of the plasma sample owing to our technical error 
(see Methods). PIPC: piperacillin, TAZ: tazobactam. b, Comparison of the BDD electrochemical measurements and LC–MS/MS analyses. The solid line 
indicates the regression line of Deming’s method (slope = 0.8837), and the dashed line shows y = x equivalence. c, The Bland–Altman plot assessing 
the difference between the two methods. Bias (grey line) is 4.4 μM, and the 95% confidence interval (doted lines) is − 21.3 to 30.0 μM. 

Fig. 6. Assessment of the repeatability and reproducibility of the measurements with BDD chips. In this series of analyses, three different chips (chip 
IDs: D, E, and F) set in the tabletop system were tested with pazopanib (0–150 μM; see the inset in Fig. 3b) dissolved in plasma collected from 
individual rats, guinea pigs, or patients with sarcoma; the protocol for the measurements was identical to the one described in Fig. 3a. Then, the ΔI/ 
ΔV–0.35 V;–0.45 V slope values of the calibration curves were determined as depicted in Fig. 3c, and these values are indicated in box-and-whisker plots: 
the boxes show a median and the 25th to 75th percentiles, whereas the whiskers represent the lowest and highest value in the range between the 25th 
percentile minus 1.5 interquartile ranges and the 75th percentile plus 1.5 interquartile ranges, respectively. The number of the animals and humans 
analysed with each chip is given underneath the bars. Asterisk(s) indicate a significant difference from the rat data of chip F (*p < 0.001, **p <
0.0001, Tukey’s multiple-comparison test after one-way ANOVA; ns, not significant). Raw data of the calibration curves analysed for this panel are 
shown in Supplementary Fig. S6a, 8b, 9, and 10. 
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one-way ANOVA and post hoc Tukey’s test). 

2.3.2. Fabrication and testing of a portable system for TDM 
Again, the amounts of whole blood collected from rats and patients dosed with pazopanib were 180 μL and 6 mL, respectively 

(Figs. 4 and 5). Nevertheless, considering the sample volume (120 μL) applied to the BDD chip for electrochemical detection of the drug 
in the tabletop system, the minimal required volume of whole blood was estimated to be ~60 μL. In spite of such small volume of the 
sample, setting up the tabletop system requires considerable space: 1.5 × 1.5 m2 (Supplementary Fig. S1). Therefore, to make the 
system smaller and reduce the invasiveness of blood sampling, we fabricated a prototype of a portable system, which harbours a 
handheld disk-shaped biosensor 10 cm in diameter and 3.4 cm thick (Fig. 7a). This device contains a tiny cylindrical chamber, which 
houses a BDD chip at the bottom (reaction area: 9.6 mm2, applied sample volume: 60 μL; Supplementary Fig. S11). In addition, we 

Table 3 
Evaluation of each BDD chip’s slope.   

ΔI/ΔV–0.35 V;–0.45 V 

Standard deviation Mean Coefficient of variation (%) Limit of detection (μM) 

Chip D (rat) 0.04 0.35 11.6 2.73 
Chip E (rat) 0.01 0.15 7.4 5.96 
Chip F (rat) 0.04 0.26 15.3 7.40 
Chip F (guinea pig) 0.01 0.27 4.2 2.91 
Chip F (human) 0.01 0.30 3.8 8.41 

The displayed values were obtained by the analysis of the data in Fig. 6. 

Fig. 7. Fabrication and evaluation of a prototype of the portable drug-monitoring system. a, The measurement setup. The system is made up of a 
handheld disk-shaped device containing a boron-doped diamond (BDD) chip (left panel, see Supplementary Fig. S11), a smartphone-shaped 
potentiostat, and a laptop computer (right panel). b, Repeatability of the measurement. By means of the portable system (chip ID: H), a calibra
tion curve was obtained four times using rat plasma spiked with different amounts of pazopanib (0–100 μM; Supplementary Fig. S12a; for the 
protocol, see Fig. 3a–c), and the ΔI/ΔV–0.35 V;–0.45 V slope values are plotted in the panel. c, Evaluation of the data from the portable system. In this 
series of experiments, four healthy rats were given pazopanib orally once at the dose of 100 mg mL− 1 kg− 1. From each rat, ~40 μL of whole blood 
was collected immediately before and 5 h after the drug administration, and the plasma samples were analysed with the portable system (chip ID: I; 
for protocols, see Fig. 3a–c and Supplementary Fig. S12b). The ΔI/ΔV–0.35 V;–0.45 V values obtained in the 5 h samples were converted to the 
concentrations via the calibration curve (Supplementary Fig. S12c), which was constructed in advance using commercially available rat plasma 
spiked with different amounts of pazopanib (0–100 μM) (Method #2 in the text). In this calculation, the ΔI/ΔV–0.35 V;–0.45 V values before the drug 
administration served as baseline (i.e. 0 μM). In the panel, the concentrations are compared to the 5 h data obtained by the tabletop system (see 
Fig. 4d and Supplementary Fig. S7b); p = 0.11, according to the Mann–Whitney U test; ns: not significant. 
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included a smartphone-shaped potentiostat (pocketSTAT: 115 × 59 × 13 mm; Ivium Technologies B•V.), and a laptop computer for the 
convenience of measurement (Fig. 7a). The accuracy of the applied potential and the measured current of this potentiostat is basically 
similar to that of the potentiostat in the tabletop system (see Methods). Using this system (chip ID: H), a calibration curve was built four 
times by means of rat plasma spiked with different concentrations of pazopanib (0–100 μM) (animal ID: Rt18; Supplementary 
Fig. S12a). ΔI/ΔV–0.35 V;–0.45 V slope values were relatively stable, 0.25 to 0.29, confirming the high repeatability of the measurement 
(Fig. 7b). Next, to mimic clinical practice, ~40 μL of blood was collected from each of four rats (animal IDs: Rt19− 22) immediately 
before oral administration of pazopanib (100 mg mL− 1 kg− 1) and 5 h after the drug administration. Then, the plasma samples were 
processed by basically the same method as the one applied to clinical samples (‘Protocol 3’ in Supplementary Fig. S12b), and the 
resultant samples were analysed electrochemically (chip ID: I). The concentrations at 5 h were converted by aforementioned ‘Method 
2’ via the calibration curve obtained with commercially available rat plasma (Supplementary Fig. S12c). These values were similar to 
the 5 h values determined in animal experiments with the tabletop system, as presented in Fig. 4d (p = 0.11, Mann–Whitney U test; 
Fig. 7c). Notably, the sampling-to-result time of this portable system never exceeded 10 min. 

3. Discussion 

In this work, we demonstrated that the electrochemical method based on engineeringly unmodified BDD chips semi-quantitatively 
and selectively determines ‘total’ plasma concentration of pazopanib within its therapeutic range (Figs. 1, 2, and 3a–c). Notably, these 
useful characteristics were documented in the analyses of animal and clinical samples (Figs. 4 and 5) –it can be emphasised that patient 
plasma samples were assayed by means of a BDD electrode for the first time. The BDD chip manifested high repeatability of the 

Fig. 8. Prospects for therapeutic drug monitoring (TDM) with boron-doped diamond (BDD) chips. Schematic illustration in the right box shows 
expected TDM with BDD chips in the future. A mobile handheld all-in-one biosensor based on a BDD chip measures drug concentration in a few 
droplets of whole blood with short sampling-to-result time: several seconds to a few minutes. The chip can be semi-automatically reset multiple 
times with a washing kit and potential protocols for the conditioning and quality control (see Fig. 3a). The pharmacokinetic data obtained frequently 
over time are gathered on site in hospitals or clinics or online from patients’ homes, are analysed by medical or pharmacological experts or even by 
artificial intelligence, and are used for personalised control of medication dosage in patients. The BDD chips are transported to the manufacturer, 
processed via a few simple steps described in the left box, and then reused. This strategy with sustainable BDD chips is environmentally friendly and 
may reduce medical costs. 
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measurement and therefore is sustainable (Figs. 3d and 6). The portable system with the handheld biodevice containing the chip 
determined the drug concentration in a small sample (~40 μL) of whole blood with short turnaround time (~10 min; Fig. 7). This less 
invasive and speedy method with the possibly reusable sensor represents a low-cost strategy that can contribute to advances in TDM 
and may improve medication adherence. 

3.1. Advantages of drug-monitoring systems based on BDD 

The key factors for the development and dissemination of convenient drug detection systems are accuracy, precision, low cost, and 
simplicity. The quantitativity test of the BDD chips with clinical samples revealed that total imprecision relative to LC− MS/MS is 
~12% (slope of Deming regression is 0.88; Fig. 5b). This value is comparable to accuracy criteria for glucose meters (12− 20%) and to 
the discrepancy between well-established immunoassays and reference methods (12− 15%) [36,38,39]. A limited number of recently 
created portable biosensors based on an immunoassay, surface plasmon resonance, or electrochemistry were evaluated in terms of 
quantitativity by means of clinical blood samples [5,11–14]. These systems require an antibody or enzyme that selectively recognises a 
given drug with high sensitivity, and the difficulty with finding such bioreceptors is likely a critical problem. As for the sensor 
involving an enzyme and aptamer, additional technologies are necessary that immobilise such drug-recognizing components without a 
loss of their function on the surface of materials having specific physicochemical properties. In contrast, without such time-consuming 
and costly procedures, our system shows excellent selectivity, as validated on clinical samples containing various drugs and biological 
substances (Fig. 5). This advantage is based on the properties of the native BDD electrode: theoretically, with simple optimisation of the 
potential protocol, this electrode can detect a wide variety of drugs. Indeed, we found that voltammetry with different protocols in the 
tabletop system (chip ID: J) successfully detected another molecular-targeting anticancer drug, lenvatinib, and an anthracycline 
cytotoxic agent, doxorubicin, within their therapeutic concentration ranges (0.10− 0.21 μM for lenvatinib, 10− 100 nM for doxoru
bicin; Supplementary Fig. S13) [40,41]. Note that, although the potential that induced a peak current in reduction reaction with 
lenvatinib resembled the case of pazopanib, these two drugs, which share similar mechanisms of action, are not administered to the 
patients simultaneously in clinical practice. Our electrochemical approach may also be applicable to certain classes of antibiotics, 
antimalarial drugs, antiepileptic drugs, antidepressants, other anticancer drugs, and vitamins, all of which have been detected by cyclic 
voltammetry with a BDD electrode in our earlier works [42,43]. Among some of the drugs, the potential that can induce redox current 
(s) is different. This property may allow us to separately measure the concentrations of different compounds at their unique potentials 
in the plasma sample from a patient treated with multiple drug therapy. The inexpensiveness of our strategy is further proven as 
follows. As shown in Figs. 3d and 6, a BDD chip can be repeatedly used ≥60 times via a simple reset procedure (i.e. washing with water 
followed by electrical treatment; Fig. 3a). The excellent repeatability enables the reuse of the chip as the sensing element, thus 
reducing the cost of drug monitoring. This benefit may still be present even if the BDD chip serves as a disposable sensor: the fabri
cation price of the chip is estimated to be less than ~ US$5. Moreover, the palm-sized device, the exchangeable chip, potentiostat, and 
data analysis platform can be integrated together into a handheld all-in-one instrument that may be produced at a low cost just as 
common portable glucose meters (~US$50), which are based on similar detection machineries, and comparably to a recently 
developed universal mobile electrochemical detector (~US$25) [44]. The BDD-based all-in-one device, which can facilitate on-site 
drug detection, may improve pharmacotherapy outcomes not only in developed but also in developing countries. 

Another noteworthy advantage of our approach is measurement rapidity. The portable system permitted us to determine plasma 
drug concentrations within a short sampling-to-result time of ~10 min (Fig. 7 and Methods). To our knowledge, this performance is 
better than the turnaround time of other recent point-of-care biosensors (15− 90 min) [45,46]. Additional merits of the operating 
procedures are outlined below. Measurement accuracy was verified by means of rat and patient samples and a ‘general’ calibration 
curve (Fig. 4–f and 5). This observation indicates that before shipping to clinical sites, BDD chips can be calibrated with any standard 
plasma samples, even commercially available products (see Fig. 7c). The portable system requires ~40 μL of whole blood for the drug 
quantification. Such small volume can be easily collected with low invasiveness by a finger prick and a capillary-type disposable 
microtube, which can be operated even by non-healthcare workers. All the procedures for the sample preparation and assay in our 
current method can be carried out via simple pipetting and centrifuging; although these tasks may be less convenient, they do not 
require well-trained personnel. In this regard, our portable system, even in its current form, may be useable in laboratories of 
medium-size and small hospitals and clinics. This application should become more realistic when the assay system is equipped with 
handy machinery that promptly removes the cells and proteins from a whole-blood sample without the manual procedures and is 
accompanied by a cleaning kit and potential protocol that semi-automatically wash and reset the BDD chip on site. 

Given that these improvements and the development of the aforementioned all-in-one mobile device will be achieved in the near 
future, we propose a point-of-testing system with the reuse of BDD chips for TDM not only at a local pharmacy but also in patients’ 
homes (Fig. 8). This strategy along with the ‘green’ electrochemical material may reduce the pollution caused by disposable devices 
and thereby may fit the ‘sustainable development goals’ adopted by the United Nations in 2015 (https://sdgs.un.org/goals). 

3.2. Limitations of systems with BDD chips 

Despite the remarkable advantages of the method based on BDD chips, this approach has a few limitations. First, the number of the 
drug types that are electrochemically detectable is restricted, although this and our earlier works showed that 12 compounds are active 
on BDD electrodes [42,47]. The second issue is related to the specificity of drug detection. In patients who take many pharmaceuticals 
or have an unstable physical condition, the redox current evoked by the target drug may overlap with the responses induced by other 
compounds or their metabolites. This interference may explain the observation that in two data points of our experiments with clinical 
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samples, the BDD measurement results exceeded the LC− MS/MS measurement results by 1.5− 2-fold (Fig. 5a). In addition, quanti
tatively fluctuating endogenous biological substances may impair or apparently enhance the response of the drug. This possibility may 
underlie the inconsistency between the BDD and LC− MS/MS data not only in human samples (Fig. 5) but also in rat samples (Fig. 4). 
The cross-redox reactivity at target potential(s) should be more carefully considered for clinical applications of such BDD systems. 
Third, for drug quantification, a BDD electrode is likely to be less sensitive than conventional methods such as LC− MS/MS. In this 
regard, the therapeutic range of some drugs will be undetectable with our approach. To address these shortcomings, the potential 
protocol, the data analysis method, and the amounts or types of the organic solvent, supporting electrolyte, and surfactant can be 
optimised. Finally, although all the chips tested in this study were derived from the same BDD wafer plate, sensor-to-sensor repro
ducibility of the data were variable to some extent (Fig. 6). Therefore, in the current situation, calibration curve must be obtained for 
each chip. Resolving this issue by developing the technique that can deposit BDD more uniformly and stably throughout the silicon 
wafer surface is a key step for the device’s mass production for introduction into the clinic. 

3.3. Prospects of TDM in oncology 

There is no doubt that the use of molecular-targeting drugs will be extended to more cancer types. Accordingly, we selected 
pazopanib in this study. In most studies directed to TDM for pazopanib, the compound is detected by LC− MS/MS [48,49]. This 
conventional approach requires expensive instruments and well-trained personnel (see ‘Introduction’). For electrochemical analysis, 
Bilge et al. used a glassy carbon electrode modified with CuO nanoparticles [50]. Using human serum ‘spiked’ with pazopanib, they 
achieved a linear calibration from 0.2 nM to 1.0 μM by means of square wave voltammetry. Nevertheless, this range is far less than the 
therapeutic window (43.3− 97.1 μM) [31], which was successfully detected in this study (Fig. 3b and c). Our analysis with clinical 
samples highlighted individual differences in pharmacokinetics among the eight patients (Fig. 5a). This finding reinforces the idea that 
for molecular-targeting reagents, TDM is valuable [21,51]. Nevertheless, this approach is still uncommon in clinical practice, likely 
because growing scientific evidence is not yet sufficient to clearly prove the efficacy of dose modification for individual patients. In this 
context, clinical pharmacokinetic studies accompanied by an evaluation of patient outcomes (by pharmacodynamic assays, with 
collation of their results with the pharmacokinetic data) as well as randomised clinical trials designed to assess the effect of TDM are 
insufficient [2,52]; however, a possible problem is that only a limited number of institutions have and can handle expensive and 
labour-intensive LC− MS/MS equipment. Indeed, the initial capital cost of this conventional method is roughly estimated to range from 
$30,000 to $65,000 [53]. Large-scale prospective studies may become more accessible by means of the simple low-cost strategy 
involving the portable BDD biosensors, which are likely to have lower operating costs compared to LC− MS/MS. 

Additionally, a few studies investigate the economic impact of TDM from a different perspective [54,55]. In the case of imatinib, the 
TDM intervention likely incurs an incremental cost-effective ratio of − $109,184 to $76,027 per quality-adjusted life years (QALY), 
which is below a typical willing-to-pay threshold of ~$100,000 per QALY. The TDM intervention for pazopanib with the low-cost BDD 
biosensors will likely have an even greater impact; the price of fabrication of the chip is estimated to be less than ~ US$5 (see above), 
which could significantly reduce the cost for measurement by >90% as compared to that of LC− MS/MS (~US$80) [54]. 

3.4. Processes of redox reaction in pazopanib 

Compounds that possess nitro group, amino group, carboxy group, and/or quinones are prone to be electrochemically active [56]. 
As shown in Fig. 1a and Supplementary Fig. S2a, cyclic voltammetry with pazopanib indicated not only an anodic current but also a 
cathodic current. The oxidation response is likely induced by the formation of a hydroxylated product from an amine group found in 
the aminobenzenesulfonamide moiety of the compound [50,57]. This product can be further oxidized into quinones, which can be 
subsequently reduced at negative potentials [56,58]. Several other tyrosine kinase inhibitors possess an aminobenzene structure; 
indeed, imatinib and axitinib are both electrochemically detectable [59,60]. Therefore, this anti-cancer drug type can be a target for 
measurements using the approach described in this study. 

In terms of optimisation of the procedure for the detection of pazopanib concentrations with SWS voltammetry, we selected ΔI/ 
ΔV–0.35 V;–0.45 V (Fig. 3). In cyclic voltammetry (Fig. 1a), the reduction process began in a potential range between − 0.45 and − 0.35 V. 
Because at such potential window the slope of the cathodic current was likely to be the largest, the ΔI/ΔV value in the SWS vol
tammogram would be maximised. More negative potentials should also induce the reduction reaction; nevertheless, at the potentials 
near − 1 V, the current produced by other substances, including dissolved oxygen, may interfere with the current from pazopanib, as 
observed in the case of doxorubicin [58]. Moreover, we tested numerous combinations of the potentials with SWS voltammetry and 
found that the data at − 0.35 V and − 0.45 V (ΔI/ΔV–0.35 V;–0.45 V) generated a sensitive and stable calibration curve (Figshare 1, 
https://doi.org/10.6084/m9.figshare.19313882). This potential range, which initiates the reduction reaction of pazopanib, seems to 
be unique to the drug, as similarly observed in other compounds that are also characterised by unique potentials inducing redox 
reactions. It is possible that the potential range optimised in this study may not be applicable to other experimental setups; never
theless, on the basis of the drug’s profile described above, a similar potential range would also produce a similar response in SWS 
voltammetry. 

3.5. Pharmacokinetics of pazopanib 

When the plasma from rats orally administered with pazopanib was analysed by means of BDD chips (Fig. 4 and Supplementary 
Fig. S7), Cmax and tmax among the blood-sampling points of our protocol were 62.6 ± 8.0 μM and 5.6 ± 2.1 h, respectively (mean ± SD, 
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n = 5; also see Table 2). This tmax value is significantly longer than that obtained in another study that administered the same dose of 
pazopanib to rats (100 mg mL− 1 kg− 1) ([61]; Supplementary Table S2), although Cmax values are similar between the two studies. This 
inconsistency may be due to variations in drug absorption efficacy through intestinal epithelium, which can be affected by animal 
housing conditions such as the diet contents. Further studies are needed to identify the factor(s) that affect the pharmacokinetic 
parameters of pazopanib. 

4. Concluding remarks 

This work demonstrated the accuracy and reuse potential of BDD chips as a drug monitoring sensor through the analysis of plasma 
samples collected from animals and patients orally administered with pazopanib for the first time. Because the measurement with the 
BDD systems is rapid and inexpensive, this approach may accelerate the pharmacokinetics studies and provide the evidence for the 
effectiveness of TDM in oncology. Development of more compact and easily-handled portable systems with BDD chips could allow 
patients to monitor their own plasma drug concentrations at home, promoting the adoption of high-quality personalised therapies and 
telemedicine. 

5. Methods 

5.1. Fabrication of BDD electrodes 

A plate-type BDD electrode used in this study was prepared with the method principally the same as that used in our earlier works 
[62,63]. Polycrystalline BDD films were deposited on a circular silicon wafer plate (diameter: 5 cm, thickness: 750 μm) in a microwave 
plasma-assisted chemical vapor deposition system (Cornes Technologies, Tokyo, Japan). By means of acetone and trimethoxyborane 
that were mixed at a boron/carbon ratio of 1% (i.e. 10,000 ppm boron), the plate material was charged with plasma power at 5000 W 
for 4 h. Quality control of the BDD was carried out by Raman spectroscopy (Renishaw System 2000; Renishaw PLC, Gloucestershire, 
UK) in accordance with the criteria described previously [42] (Supplementary Fig. S14). The fabricated plate electrode was divided 
into multiple square pieces (~1 × ~1 cm). Each of these BDD chips (chip IDs: A− J) was set in the measurement chamber of the 
tabletop drug detection system (Supplementary Fig. S1) or in the handheld disk-shaped device of the portable system (Fig. 7a and 
Supplementary Fig. S11). 

5.2. Chemicals and solutions 

Pazopanib (LC laboratories, Woburn, MA, USA) was dissolved in dimethyl sulphoxide (DMSO; FUJIFILM Wako Pure Chemical 
Corporation, Tokyo, Japan) to prepare 2, 6, 10, 15, 20, 25, and 30 mM stock solutions. Requisite volume of the stock solutions was 
added to PBS (FUJIFILM Wako Pure Chemical Corporation) or to plasma collected from rats, guinea pigs, or patients, and these samples 
were analysed electrochemically. As for lenvatinib, this compound (Cayman Chemical, Ann Arbor, Michigan, USA) was dissolved in 
DMSO to prepare 0.1, 0.3, 1.0, and 3.0 mM stock solutions. SDS (FUJIFILM Wako Pure Chemical Corporation) and TMA (Tokyo 
Chemical Industry Co., Ltd., Tokyo, Japan) were separately dissolved in ultrapure water (Thermo Fisher Scientific, Waltham, MA, 
USA) to prepare stock solutions at 1 M and 10 mM, respectively. All the stock solutions were stored at − 30 ◦C until use. 

The pazopanib solution administered to rats was prepared immediately before every experiment. First, requisite volume of Tween 
80 (Sigma-Aldrich; St. Louis, MO, USA) was added to a 0.5% hydroxypropylmethylcellulose solution (FUJIFILM Wako Pure Chemical 
Corporation) to obtain 0.1% concentration of the detergent. Then, the drug was dissolved in this solution at the concentration of 100 
mg mL− 1 [64,65], and this solution was given orally to the animals at the dose of 100 mL kg− 1 body weight. In the analysis of clinical 
samples, patients received pazopanib tablets (Novartis Japan, Tokyo, Japan). 

5.3. Electrochemical measurements in the tabletop system 

Electrochemical measurements were carried out by means of the tabletop system or the portable system. This section is focused on 
the experimental procedure for the former system, whose overview is illustrated in Supplementary Fig. S1. In this system, a plate-type 
electrode chip composed of BDD, glassy carbon (ALS Co., Ltd., Tokyo, Japan), or platinum (Sanwakinzoku, Saitama, Japan) served as 
the working electrode. Before installation into the system, the carbon and platinum electrodes were polished with a 0.05 μm alumina 
suspension, and in addition, all the electrodes including BDD chips were washed with ultrapure water. After that, each electrode chip 
was overlaid with a cylindrical Teflon chamber (internal diameter: 15 mm, external diameter: 21 mm, height: 15 mm, and volume: 2.3 
mL). Because the chamber has a hole of a 6 mm diameter at the bottom, the electrochemically reactive surface area of the electrode was 
~28 mm2. The chamber also housed a reference electrode, which was composed of Ag/AgCl with saturated KCl (2 mm in diameter, LF- 
2: Innovative Instruments, Inc., FL, USA) and a counter electrode, which was made by coiling a platinum wire 0.5 mm in diameter so 
that the final diameter of the coil was ~2 mm and length ~3 mm. A brass plate underlaid the working-electrode chip for connection to 
a potentiostat (HZ-7000; Hokuto Denko, Tokyo, Japan). The device was placed in a Faraday cage, and the voltammetry and recording 
were performed at room temperature (25 ◦C). 

Before the experiments with the tabletop system as presented in Fig. 1 and Supplementary Fig. S2a and 4, the surface of each 
working-electrode chip (i.e. the BDD, glassy carbon, and platinum chip) was first cleaned and then conditioned in PBS via two cycles of 
cyclic voltammetry (sweep rate: 0.1 V s− 1, potential window: − 1.0 to 1.5 V, initial potential: 0 V versus Ag/AgCl). In other series of 
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electrochemical assays, at the outset of each experiment, the BDD chip was pre-treated to configure the surface state by either one of 
the following chronoamperometry protocols [1]: the O-termination: initial potential 0 V, stepping to 1.0 V for 5 s, stepping to − 1.0 V 
for 20 s, and holding at 1.0 V for 60 s in 1 M KOH or [2] the H-termination: initial potential 0 V, stepping to 1.0 V for 5 s, and holding at 
− 1.0 V for 80 s in 0.5 M H2SO4. 

Cyclic voltammetry for basic characterisation of pazopanib dissolved in PBS was carried out at a sweep rate of 0.1 V s− 1 with a 
potential window of − 1.0 to 1.5 V and an initial potential of 0 V (versus Ag/AgCl; Supplementary Fig. S2). Of note, to determine 
pazopanib’s redox state that can evoke a cathodic current, the applied potential was scanned in the positive direction from 0 to 1.5 V 
for oxidation of the compound and then shifted to − 1.0 V; alternatively, the potential was swept in the negative direction from 0 to 
− 1.0 V for reduction of the compound and then shifted to 1.5 V. The latter protocol was applied only in the experiment depicted in the 
right-hand panel of Supplementary Fig. S2a. 

To detect pazopanib in plasma (for details of the preparation of plasma samples, see ‘Preparation of samples from rat and guinea pig 
plasma’ below), the BDD chips underwent the potential protocol composed of four procedures as follows (Fig. 3a): (i) ‘pre-condi
tioning’ chronoamperometry in 1 M KOH (1 mL) for the electrode surface O-termination (initial potential: 0 V, − 1.0 V for 20 s, and 1.0 
V for 60 s), (ii) two cycles of cyclic voltammetry in PBS alone (120 μL) for ‘quality control’ (sweep rate: 0.1 V s− 1, potential window: 
− 1.0–1.5 V, initial potential: 0 V), (iii) SWS voltammetry for the ‘measurement’ in a plasma sample (120 μL) by the optimised potential 
protocol (deposition potential: 1.4 V, deposition time: 30 s, potential range: − 0.8 to 0.4 V, ΔE: 50 mV, square-wave frequency: 10 Hz, 
pulse amplitude: 50 mV), and (iv) ‘conditioning’ chronoamperometry in PBS (120 μL) (initial potential: 0 V, 2.0 V for 1 s, − 3.0 V for 1 
s, and 2.0 V for 3 s). Note that procedures (ii) to (iv) were repeated for sequential multiple-time measurements. 

The samples containing lenvatinib were analysed in the tabletop system as follows. Necessary volume of the stock solution was 
mixed with PBS to prepare the test samples (10 μM lenvatinib). Cyclic voltammetry was carried out at a sweep rate of 0.1 V s− 1 with a 
potential window of − 1.0 to 1.5 V and an initial potential of 0 V (versus Ag/AgCl; Supplementary Fig. S13a). To detect lenvatinib in rat 
plasma (for details of the preparation of plasma samples, see ‘Preparation of samples from rat and guinea pig plasma’ below), a BDD chip 
was subjected to the protocol similar to the one for pazopanib, with a few modifications (Supplementary Fig. S13b): (i) ‘pre-condi
tioning’ chronoamperometry in 1 M H2SO4 (1 mL) for the electrode surface H-termination (initial potential: 0 V, − 1.0 V for 50 s), (ii) 
two cycles of cyclic voltammetry in PBS alone (120 μL) for ‘quality control’ (sweep rate: 0.1 V s− 1, potential window: − 1.0–1.5 V, 
initial potential: 0 V), (iii) SWS voltammetry for ‘measurement’ in a plasma sample (120 μL) by the optimised potential protocol 
(deposition potential: 1.2 V, deposition time: 30 s, potential range: − 0.8 to 0.4 V, ΔE: 50 mV, square-wave frequency: 20 Hz, pulse 
amplitude: 125 mV), and (iv) ‘conditioning’ chronoamperometry in PBS (120 μL) (initial potential: 0 V, 3.0 V for 2 s, and − 3.0 V for 3 
s). 

5.4. Preparation of samples from rat and Guinea pig plasma containing pazopanib 

Animal experiments were carried out in compliance with the protocol approved by the Institutional Animal Care and Use Com
mittee and by the President of Niigata University (Permission Number: Niigata Univ. Res. SA00757 and SA00764) and the ethical 
approval from the Animal Experiment Committee of Osaka University Graduate School of Medicine (decision No. 03-062-00). The 
experiments were designed according to the Japanese Animal Protection and Management Law. Male Wistar rats (200–400 g, 6–40 
weeks of age; SLC Inc., Hamamatsu, Japan), which are known for gender differences in drug metabolism [66], and male and female 
Hartley albino guinea pigs (750–1100 g, 10–40 weeks of age; SLC Inc.) were housed at the animal facilities of Niigata University or 
Osaka University and kept on a 12-h light/12-h dark cycle. Water and feed were available ad libitum. Animal handling and reporting 
are in compliance with the ARRIVE guidelines [67]. In total, 28 rats and five guinea pigs were used in this study; from each animal, 
requisite volume of whole blood was collected, and plasma was isolated as described below. The plasma samples were subjected to the 
following four different assays. 

The first series of experiments was intended for the characterisation of the basic electrochemical profile of pazopanib in rat plasma 
by means of the tabletop system (Fig. 2). A rat (animal ID: Rt27) was anaesthetised deeply by an intra-peritoneal injection of 64.8 mg 
kg− 1 pentobarbital sodium (Kyoritsu Seiyaku Corporation, Tokyo, Japan). A 27-gauge needle attached to a blood collection tube 
(Terumo Corporation, Tokyo, Japan), which contained 3.2% sodium citrate, was inserted into the right ventricle; ~10 mL of blood was 
withdrawn from the animal. Plasma was isolated by centrifugation of the blood for 4 min at 1450×g (4 ◦C) and stored at − 30 ◦C until 
further experiments. The rats were euthanised via anaesthetic overdose and exsanguination. The samples subjected to electrochemical 
measurements were prepared in the following way. The plasma containing pazopanib at 10, 50, or 300 μM was obtained by dilution of 
the 2, 10, or 60 mM pazopanib stock solution 200-fold, respectively. Next, as shown in Figs. 2a and 120 μL of the 300 μM sample was 
subjected to cyclic voltammetry. Alternatively, as illustrated in Figs. 2b and 100 μL of this sample was mixed by vortexing for 10 s with 
400 μL of acetonitrile (Kanto Chemical Co., Inc., Tokyo, Japan), followed by centrifugation for 2 min at 20,000×g (4 ◦C; ‘Protocol 1’ in 
Supplementary Fig. S3a). One hundred and 20 μL of the supernatant was subjected to the electrochemical analysis. 

The second series of experiments evaluated the repeatability of the measurements by a BDD chip (Fig. 3d) and helped to determine 
calibration curves for several purposes (Fig. 3b and c and 6; Supplementary Fig. S5, 9, and 10). One hundred microlitres of rat or guinea 
pig plasma (animal IDs: Rt06− 17, GP01− 05), which was obtained with the same methods of anaesthesia and sample collection as in 
the first series above, was mixed by vortexing for 10 s with 0.5 μL of either DMSO alone or a pazopanib stock solution (2, 6, 10, 15, 20, 
25, or 30 mM), resulting in plasma samples containing the drug at 0, 10, 30, 50, 75, 100, 125, and 150 μM. Next, each sample was 
combined with 400 μL of acetonitrile, gently vortexed for 10 s, and centrifuged for 2 min at 20,000×g (4 ◦C). Four hundred microlitres 
of the supernatant was transferred to a tube that contained 0.4 μL of 10 mM TMA and 0.4 μL of 1 M SDS, followed by vortex mixing for 
10 s. One hundred and 20 μL of the sample was then used for electrochemical measurement. These procedures for the spiked samples 
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are described as ‘Protocol 2’ in Supplementary Fig. S3b. 
In the third series of assays, plasma pazopanib concentrations in rats systemically treated with the drug were measured over time 

(Figs. 4 and 6; Supplementary Fig. S6 and 7). After adequate anaesthesia by an intra-peritoneal injection of a mixture of 0.375 mg kg− 1 

medetomidine hydrochloride (Kyoritsu Seiyaku Corporation, Tokyo, Japan), 2 mg kg− 1 midazolam (Sandoz K⋅K., Tokyo, Japan), and 
2.5 mg kg− 1 butorphanol (Meiji Seika Pharma Co., Ltd., Tokyo, Japan), the right internal jugular vein of rats (n = 9; animal IDs: 
Rt01− 05 and 23− 26) was catheterised with a polyurethane blood collection tube (Instech Laboratories Inc., PA, USA) that was filled 
with heparin-containing saline (heparin sodium; Otsuka Pharmaceutical Factory, Tokushima, Japan). At ≥4 days after the catheter
isation, the experiments were conducted as follows. First, whole blood was collected from each rat at 1 h, 30 min, and a few minutes 
before pazopanib administration. Then, the drug-containing solution (100 mg mL− 1 kg− 1 body weight) was given orally to the animals 
via a feeding needle. In each animal experiment (Fig. 4 and Supplementary Fig. S6 and 7), we monitored the behaviour of the rat for at 
least 15 min after every drug administration and confirmed that neither vomiting nor leakage of the solution from the mouth occurred. 
This observation suggested that the dosing was appropriately implemented. The oral administration was followed by longitudinal 
blood sampling eight times (time points: 1, 2, 3, 4, 5, 6, 8, and 24 h). The sampling amount immediately before the drug administration 
was 900 μL, which was employed to construct a calibration curve (see also the section ‘Calibration curves from rat and guinea pig samples’ 
below), whereas the amount at other time points was 180 μL. Note that the total amount of blood from each rat did not exceed the limit 
volume (2.8− 3.3 mL) calculated from the guidelines from the European Federation of Pharmaceutical Industries and the European 
Centre for the Validation of Alternative Methods [68]. Next, the collected blood (900 or 180 μL) was transferred to a polypropylene 
tube, which in advance contained 100 or 20 μL of a 3.2% sodium citrate solution and was centrifuged for 2 min at 20,000×g (4 ◦C) for 
plasma isolation. The obtained plasma samples were stored at − 30 ◦C until the electrochemical or LC–MS/MS analyses. Out of nine rats 
subjected to the above assay, from four rats (animal IDs: Rt23− 26), the blood sample was not collected at a certain time point owing to 
catheter clogging; therefore, these animals were excluded from further analysis. For the other five rats (animal IDs: Rt01− 05), the 
sampling was successful throughout the experiment; however, in three rats (animal IDs: Rt03− 05), a sufficient amount of blood for 
both electrochemical and LC–MS/MS measurements could not be obtained at certain time point(s) owing to our technical errors. 
Therefore, these plasma samples were analysed only by means of the BDD chip in the tabletop system. Next, the plasma obtained from 
each rat after the drug administration was thawed; 60 μL of the sample was mixed with 0.3 μL of DMSO and then subjected to the 
procedures of ‘Protocol 2’ mentioned above (see three-fifths–scaled procedure in Supplementary Fig. S3b). To build a calibration curve 
for each of the five rats, standard samples spiked with pazopanib (0− 150 μM) were prepared from 60 μL of thawed control plasma and 
0.3 μL of the stock solutions. Subsequent preparation of samples was carried out by the procedures of ‘Protocol 2’ at three-fifths volume 
scale (Supplementary Fig. S3b). Finally, 120 μL of a sample was employed for electrochemical measurement. 

The fourth series of sample preparation procedures was associated with measurements on the handheld disk-shaped device in the 
portable system (Fig. 7). To construct the calibration curves used in Fig. 7b (see also Supplementary Fig. S12a), test spiked samples 
containing pazopanib at 0, 10, 30, 50, 75, or 100 μM were prepared from the plasma obtained from a rat (animal ID: Rt18) by the same 
procedure as in the aforementioned first series. To determine plasma pazopanib concentrations in orally dosed rats (n = 4; animal IDs: 
Rt19− 22; Fig. 7c), ~40 μL of whole blood was collected from the tail vain in each animal without anaesthesia by means of a hematocrit 
tube (EM MYSTAR Hematocrit Capillary Heparin Treatment; Thermo Fisher Scientific K. K., Tokyo, Japan); the tube was flushed in 
advance with a 3.2% sodium citrate solution. The obtained blood was immediately transferred to a 0.25 mL microtube (QSP Microtube 
503-Q; AS ONE CORPORATION, Osaka, Japan) that already contained 4 μL of the sodium citrate solution and was centrifuged for 2 
min at 20,000×g (4 ◦C). Twenty microlitres of the obtained plasma was mixed with 80 μL of acetonitrile by vortexing for 10 s; this 
sample was next centrifuged for 2 min at 20,000×g (4 ◦C). Eighty microlitres of the supernatant was transferred to a tube containing 
0.8 μL of 0.1 M SDS and 0.8 μL of 1 mM TMA, followed by gentle mixing for 10 s. Sixty microlitres of this sample was subjected to the 
electrochemical measurement with the disk-shaped device. These procedures are designated as ‘Protocol 3’ in Supplementary 
Fig. S12b. Note that the calibration curve described in Supplementary Fig. S12c, which was used for calculation of the drug con
centrations in the aforementioned rat samples, was built beforehand on the basis of the commercially available rat plasma (Rockland 
Immunochemicals, Inc., Philadelphia, PA, USA) that was spiked with different amounts of pazopanib (0− 100 μM). 

Sample types for the experiments with pazopanib were listed in Supplementary Table S3, which also provides the information of 
the assays with other drugs (see below). 

5.5. Preparation of rat plasma samples containing lenvatinib 

The samples containing lenvatinib at different concentrations were prepared as follows (Supplementary Fig. S13b). The 0.1, 0.3, 
1.0, and 3.0 mM stock solutions were diluted 1000-fold with the plasma that was collected from a rat in the aforementioned first series 
of experiments for pazopanib detection, by 1000-fold to prepare test spiked samples of 0.1, 0.3, 1.0, and 3.0 μM lenvatinib, respec
tively. An aliquot of 200 μL of each sample was mixed by vortexing for 10 s with 200 μL of acetonitrile, followed by centrifugation for 2 
min at 20,000×g (4 ◦C). One hundred and 50 μL of the supernatant was transferred to a microtube containing 0.3 μL of 10 mM TMA and 
150 μL of PBS, followed by vortex mixing for 10 s. After that, 120 μL of the supernatant was assayed with the BDD chip in the tabletop 
system. 

5.6. Preparation of rat plasma samples containing doxorubicin 

The samples containing doxorubicin at different concentrations were prepared as follows (Supplementary Fig. S13e). The 3, 10, 30, 
100, 300, and 500 μM stock solutions were diluted 1000-fold with the commercially available rat plasma (Rockland 
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Immunochemicals, Inc., Philadelphia, PA, USA) by 1000-fold to prepare test samples of 3, 10, 30, 100, 300, and 500 nM, respectively. 
An aliquot of 100 μL of each sample was vortexed for 10 s with 400 μL of acetonitrile, followed by centrifugation for 2 min at 20,000×g 
(4 ◦C). A total of 400 μL of the supernatant was transferred to a microtube containing 0.4 μL of 1 M SDS and 0.4 μL of 1 mM TMA, 
followed by vortex mixing for 10 s. Finally, 120 μL of the supernatant was assayed with the BDD chip in the tabletop system. 

5.7. Calibration curves from rat and Guinea pig samples 

Current amplitudes at − 0.45 and − 0.35 V were extracted from SWS voltammograms of a rat or guinea pig test plasma sample at 
each pazopanib concentration (0, 10, 30, 50, 75, 100, 125, and 150 μM). Then, from these two datasets, the slope (ΔI/ΔV–0.35 V;–0.45 V) 
was calculated and plotted as a function of drug concentration. It must be pointed out that in some experiments, all the ΔI/ΔV–0.35 

V;–0.45 V values (pazopanib: 0–150 μM) determined in five rats were plotted in a single graph and analysed to compute the ‘general’ 
slope (Supplementary Fig. S6b; animal IDs: Rt01− 05). For the calibration curve of lenvatinib (Supplementary Fig. S13c), ΔI/ΔV–0.35 

V;–0.45 V values at 0, 0.1, 0.3, 1.0, and 3.0 μM from the SWS voltammograms were used and plotted as a function of the concentration. 
The data were fitted to a four-parameter logistic-regression model. 

In each series of analyses, the data were fitted to a linear or nonlinear regression function in GraphPad Prism 9 (GraphPad Software, 
San Diego, CA, USA). 

5.8. Construction of the portable system 

A prototype of a handheld disk-shaped drug-monitoring device was constructed from several components by EC Frontier Co., Ltd. 
(Kyoto, Japan); the blueprint is shown in Supplementary Fig. S11. The device was assembled from inner and outer containers that were 
composed of polychlorotrifluoroethylene and aluminium, respectively. The disk-type inner container (diameter: 50 mm, height: 21 
mm) encompassed a cylindrical chamber (diameter: 3.5 mm, height: 5.5 mm, and volume: 52.9 μL) that housed a small plate-type BDD 
electrode chip (~1 ×~1 cm) at the bottom. The area of the electrode surface immersed in a drug-containing solution was 9.6 mm2. The 
electrode chip was underlaid by a brass disk that was connected to a smartphone-sized potentiostat (pocketSTAT: 115 × 59 × 13 mm; 
Ivium Technologies B⋅V., Eindhoven, Netherlands) via a copper wire. The applied potential accuracy and measured current accuracy of 
this potentiostat are ±2 mV and ±0.2%, respectively, which are basically similar to those of the potentiostat in the tabletop system 
(±1 mV and ±0.2%, respectively), in accordance with the product specifications. A counter electrode (platinum) and reference 
electrode (Ag/AgCl) were inserted into the cylindrical chamber. The top of the chamber was attached to a conical cavity (depth: 6 mm, 
large diameter: 15.5 mm) that was designed to facilitate sample application. The inner container was encased with the outer container 
made of aluminium. The electrochemical measurements were performed by the same potential protocol as shown in Fig. 3a; the 
protocol consisted of four procedures (see section ‘Electrochemical measurements’ above). 

5.9. Pharmacokinetics 

Pharmacokinetics of pazopanib in the plasma of each rat dosed with the drug were evaluated by means of three parameters, which 
were extracted from the electrochemical data (Table 2). First, the highest concentration among the blood-sampling time points was 
designated as Cmax,obs. The second parameter was tmax,obs, which is the time elapsed before the concentration reached Cmax,obs. The third 
parameter was AUC8h, i.e. the area under the curve at time points ‘0 h’ to ‘8 h’. AUC8h was determined in GraphPad Prism 9. 

5.10. Collection and analysis of clinical samples 

The study for evaluation of a BDD chip with clinical samples was designed in accordance with the Helsinki Declaration (1964, 
amended in 2000) of the World Medical Association and was approved by the Institutional Review Board of Niigata University 
(approval No. 2018-0234). This observational study was conducted at the Department of Medical Oncology, Niigata University 
Medical and Dental Hospital (Niigata, Japan). 

Between October 2018 and September 2020, eight patients with soft tissue sarcoma, who were older than 18 years and were treated 
with pazopanib, were found to be eligible for the study. Thus, four male and four female patients (IDs: Pt01–Pt08) were enrolled; the 
median age was 66 years (ranging from 23 to 76 years). After agreeing with the purpose and procedures of the study and providing 
written informed consent, all the participants started to receive a single daily oral dose of pazopanib during hospitalisation. In each 
patient, the dose of pazopanib was determined or changed in accordance with his or her physical condition, age, symptoms of the 
primary disease, complications, and adverse effects induced by the drug during the monitoring period (drug dose: 800, 600, or 400 mg 
per day). Note that in two patients (IDs: Pt06 and Pt08), the pharmacotherapy was discontinued due to severe general fatigue and 
bradycardia, respectively. From participants, whole blood (6 mL for each sampling) was collected via blood collection tubes (2 mL × 3 
tubes; Terumo Corporation) containing 3.2% sodium citrate four times as follows: prior to the first drug administration (on the day or 
the day before; i.e. control or blank samples), 2 h after the first administration, and immediately before the drug administration on Day 
3 and 8 (i.e. trough values). As an exception, in one patient (ID: Pt06), the last sampling was carried out on Day 16 because of clinical 
circumstances. From each patient, an additional amount of blood was collected at some time points for the clinical laboratory tests. 

The collected whole-blood samples were centrifuged for 10 min at 1450×g (4 ◦C) to separate plasma. Then, the plasma samples 
were preserved at − 80 ◦C in a deep freezer until subsequent analysis. The thawed samples were subjected to the electrochemical 
assays, i.e. construction of calibration curves and estimation of pazopanib concentrations with methods identical to those used for the 
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animals’ samples (‘Protocol 2’ in Supplementary Fig. S3b and see sections ‘Preparation of samples from rat and guinea pig plasma’ and 
‘Calibration curves from rat and guinea pig samples’ and the main text), as well as to the LC–MS/MS analysis (section ‘LC–MS/MS’ below). 
As for Pt05, during the preparation of plasma from the blood obtained before the drug administration, a considerable amount of the 
sample was lost due to our technical errors. Therefore, this plasma sample underwent only the electrochemical measurements. 

Finally, demographic and clinical data were collected from the electronic medical records of the institution. 

5.11. Sex of the analysed animals and patients 

Pharmacological studies using male and female animals describe gender differences in drug metabolism [66,69]. To stablely 
monitor pharmacokinetics of pazopanib over time in Fig. 4 and precisely determine pharmacokinetics parameters in Supplemetnary 
Table S2, we examined only male rats. Next, the experiments with guinea pigs were subjected to evaluation for the performance of the 
BDD chip but were not designed for pharmacokinetic analysis (Fig. 6). We used both male and female guinea pigs. The analysed 
samples were plasma, which was collected at a certain time point from deeply anaesthetised animals and subsequently spiked with 
pazopanib. Therefore, sex differences were unlikely to affect the results. Finally, we exmained the plasma samples from both male and 
female patients, because within a limited research period we needed to not only enroll appropriate number of the patients but also 
complete the analysis. 

5.12. LODs of electrochemical measurements 

An LOD for each experiment with the rats orally dosed with pazopanib was calculated as follows. From SWS voltammetric re
cordings from the plasma samples, ΔI/ΔV–0.35 V;–0.45 V values were extracted that were measured three times before the drug 
administration. Then, the SD of this background signal and the slope of the calibration curve built for an individual animal were used to 
calculate the LOD via equation [1,70]: 

LOD= 3SD/slope. (1)  

In the analysis of clinical samples, the collection of blank blood three times before the drug administration is ethically problematic. 
Therefore, on the sample obtained once from each patient, SWS voltammetry was performed three times, and the ΔI/ΔV–0.35 V;–0.45 V 
values were utilised to determine the LOD via a calibration curve in the same manner as in the rat experiments. 

All the LODs are shown in the panels of Figs. 4 and 5 and Supplementary Fig. S7. 

5.13. LC–MS/MS 

The chemicals used for this analysis – in addition to the reagents from other experiments described above – were as follows: 
haloperidol, N,N-dimethylformamide, and formic acid from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), and control 
rat and human pooled plasma with the 3.2% sodium citrate anticoagulant from Japan SLC, Inc. (Shizuoka, Japan) and BioIVT (New 
York, USA), respectively. A formic acid solution (0.05%) was obtained by diluting 0.5 mL of formic acid with water to a final volume of 
1000 mL. Haloperidol, which served as an internal standard (IS), was dissolved in N,N-dimethylformamide at 1 mg mL− 1 to prepare a 
stock solution. This IS was used as the reference for the analyses of human samples. Note that all the rat samples were assayed with the 
absolute calibration method. 

The following solutions were subjected to the LC–MS/MS assays. First, a stock solution of pazopanib (2, 6, 10, 15, 20, 25, or 30 mM 
in DMSO) was diluted with the control rat pooled plasma to obtain calibration standard (CS) samples of the drug at 0, 1, 3, 10, 30, 50, 
75, 100, 125, and 150 μM (100 μL for each). The 0 μM sample was prepared by the addition of 0.5 μL of DMSO to 100 μL of the control 
plasma. Of these CS samples, 30, 75, and 125 μM solutions also served as quality control (QC) samples that were references for low, 
medium, and high concentrations, respectively. Each of these CS and QC samples (100 μL) was mixed with 400 μL of acetonitrile by 
vortexing; after that, the mixture was centrifuged for 5 min at 12,000×g (4 ◦C; CF15R High-Speed Micro Centrifuge; Eppendorf Himac 
Technologies Co., Ltd., Ibaraki, Japan). These procedures precipitated and removed proteins from the plasma sample. After the 
centrifugation, the supernatant was collected for further experiments; the volume of each sample subjected to an LC–MS/MS analysis 
was 1 μL. 

To prepare test samples corresponding to the rats dosed with pazopanib, first, an aliquot of 5 μL was taken from the plasma 
resulting from blood collection at each time point. On several occasions, the volume of the original plasma samples was less than 5 μL; 
therefore, from these samples, a 1 or 2.5 μL aliquot was withdrawn and diluted 5- or 2-fold with the control rat plasma. In any case, the 
5 μL sample solution was treated with 20 μL of acetonitrile as described above in the paragraph about CS and QS samples, and 1 μL of 
the supernatant was analysed by LC–MS/MS. 

The solutions and procedures associated with the analysis of human samples were as follows. The CS samples containing pazopanib 
at 0, 1, 3, 10, 30, 50, 75, 100, 125, or 150 μM (200 μL each) were prepared by the addition of requisite volume of either DMSO or the 
pazopanib stock solutions to the control human pooled plasma in accordance with the protocol for the rat samples. The 3 μM, 30 μM, 
and 100 μM samples served as the QC samples as well. Besides, an IS working solution was obtained via dilution of the stock solution 
50,000-fold with acetonitrile (final haloperidol concentration: 20 ng mL− 1). A 25 μL aliquot of each CS, QC, and human sample was 
combined with 100 μL of the IS working solution, and subsequent procedures were the same as those for the rat samples. In this regard, 
a blank sample was prepared from the control plasma (25 μL) and acetonitrile (100 μL). Finally, 0.5 μL of the supernatant obtained 
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from each sample was analysed by LC–MS/MS. 
The LC was carried out on a Nexera X3 UHPLC system (Shimadzu Corporation, Kyoto, Japan) equipped with a Mastro C18 column 

(length: 100 mm, inner diameter: 2.1 mm, and particle size: 3 μm; Shimadzu GLC Ltd., Tokyo, Japan) at 40 ◦C and a flow rate of 0.25 
mL min− 1. The mobile phase consisted of buffer A: 0.05% formic acid in water, and buffer B: acetonitrile. The chromatography 
program for the rat plasma samples commenced with 20% of B for 1.5 min, and next, a gradient from 20% to 90% of B was imple
mented for 5.5 min, the latter composition was maintained for 2 min, and then B concentration was decreased to 20% for 0.1 min and 
maintained for 2.9 min. For the human plasma samples, the chromatography program commenced with 20% of B for 1 min; then a 
gradient from 20% to 45% was implemented for 6 min; after that, the B concentration was increased from 45% to 90% for 0.1 min, 
maintained for 1.9 min, decreased to 20% for 0.1 min, and finally maintained for 2.9 min. MS/MS was performed using a Triple 
Quad5500 + mass spectrometer (SCIEX; Framingham, MA, USA) with electrospray ionisation. Mass-spectrometric settings were 
optimised to obtain the maximal signal for each selected reaction-monitoring transition; the determined parameters are provided in 
Supplementary Table S1. By the multiple-reaction-monitoring method [71], quantitative analysis of pazopanib and haloperidol, that 
is, the IS, was carried out in negative mode and in positive mode, respectively. In this context, the quantification was based on selected 
reaction monitoring using the m/z 436 → m/z 224 transition for pazopanib and the m/z 376 → m/z 165 transition for haloperidol. 

The LC-MS/MS data were acquired and analysed in Analyst 1.7.2 (SCIEX). The calibration curves for the rat and human plasma 
samples were built as quantitation plots of the pazopanib peak area in the rat CS samples and those of the peak area ratio of pazopanib/ 
haloperidol in the human CS samples. The curves were fitted to a function by a weighted (1/x2) least-squares linear regression method. 
The mass-spectrometric signals obtained in the samples from the rats and patients dosed with pazopanib were converted via the 
calibration curves to analyte concentrations. The lower limit of quantification of pazopanib was 1 μM. 

5.14. Statistics 

Means ± SD served as descriptive statistics. No power analysis was performed to determine a needed sample size beforehand, but 
our sample sizes were similar to those generally employed in the field. The statistical methods applied to each series of experiments are 
mentioned in respective sections of the Results and Methods. In particular, interclass correlation coefficients, ICC(1, 1) and ICC(1, 30), 
which are associated with Fig. 3d, were computed in SPSS Statistics 22 (IBM, Armonk, NY). 

5.15. Information about the BDD chips, animals, and patients 

IDs of the BDD chips, animals, and patients analysed in each experiment in this study are listed in Supplementary Table S3. 
The raw data for this pharmacokinetic analysis are shown in Supplementary Fig. S7a. 
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