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Summary 33 

Monitoring of plasma drug concentrations is required for effective and safe pharmacotherapies. 34 

Recent technical advances gave rise to various portable or wearable biosensors for rapid on-site 35 

monitoring. These devices are not yet popular owing to not only insufficient evaluation of 36 

accuracy on clinical samples and sensor-to-sensor variability but also the need for complicated 37 

costly fabrication processes. To address these bottlenecks, here, we describe a simple strategy 38 

based on boron-doped diamond (BDD) without any engineering modifications. As a test 39 

compound, we selected pazopanib, a molecular-targeting anticancer drug whose monitoring is 40 

recommended. When assaying rat plasma spiked with pazopanib, a sensing system constructed 41 

from a ~1 cm2 BDD plate chip detected concentrations in the clinically relevant range. The 42 

response was stable in a series of 60 measurements on the same chip, indicating excellent 43 

repeatability of the assay and high sustainability of the material. When plasma samples collected 44 

from orally treated healthy rats or patients with cancers were analysed with the system, the 45 

results overall matched the concentrations determined by liquid chromatography with mass 46 

spectrometry. Additionally, the reproducibility of BDD chip–based assays was tested. Finally, 47 

we constructed a portable system with a palm-sized sensor containing a BDD chip and 48 

demonstrated that the setup successfully quantifies the drug in plasma from ~40 µL of whole 49 

blood of a dosed rat within a short turnaround time: ~10 min. This approach with the ‘reusable’ 50 
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sensor, which can also possibly detect other drug types, may accelerate point-of-testing assays 51 

and advance personalised medicine while reducing medical costs.   52 
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Introduction 53 

Measurement of plasma concentration of drugs – in particular, those with a narrow therapeutic window 54 

– at designated intervals is necessary for optimising dosage regimens for individual patients.1,2 55 

Currently, in clinical trials and in clinical practice, most drugs are detected by an immunoassay or 56 

liquid chromatography−mass spectrometry (LC−MS). The measuring instruments for these 57 

methodologies are too expensive for small and medium-size hospitals and clinics. In addition, LC−MS 58 

requires well-trained personnel. Therefore, in many cases, plasma samples are delivered to and 59 

analysed by third parties. Because this outsourcing takes a long turnaround time of several days to a 60 

few weeks and is costly, it is difficult to modify a therapeutic protocol for each patient in real time 61 

with reference to actual drug concentrations in plasma. Such disadvantages are hurdles for 62 

disseminating ‘therapeutic drug monitoring’ (TDM) as a standard of medical care to resource-limited 63 

areas including local communities with small population and developing countries.3,4 64 

 To address these bottlenecks, recently, a variety of biosensors suitable for portable or on-site 65 

drug monitoring were created; nevertheless, they have not yet been actually translated to routine 66 

clinical applications owing to the following problems. First, it is essential for the devices to be tested 67 

for sensor-to-sensor variability, and it is necessary to quantitively compare the measurements in real-68 

world samples from patients to the results of current gold standard methods, but there are few studies 69 

where both evaluations have been performed.5 The second reason is related to the design of advanced 70 

sensors; most of them are constructed from a combination of drug-recognising bioreceptors such as 71 



 6 

specific antibodies, enzymes, and DNA aptamers along with an electrochemical or optical platform 72 

converting a biological response to a quantifiable signal.6-10 Processes for the identification, fabrication, 73 

optimisation, and integration of these components likely require much effort and complex techniques 74 

and therefore will necessitate considerable expenditures and turnaround time. Third, as for low-75 

invasiveness watch-type and microneedle-type wearable sensors,11,12 they detect a drug in sweat and 76 

in dermal interstitial fluid, thereby raising questions whether and how the drug fraction detectable in 77 

these matrices mirrors the plasma concentration.5 78 

 Another key issue of TDM is that in plasma, ‘total drug concentration’, which is the sum of a 79 

protein-bound fraction and a protein-unbound (free) fraction, is currently measured and interpreted in 80 

terms of pharmacokinetic principles and relevant clinical parameters.13 Accordingly, less expensive 81 

systems for rapid and easy determination of a total concentration are in demand. To address this issue 82 

and the problems mentioned above, in this study, we propose a simple electrochemical approach 83 

involving a boron-doped diamond (BDD) electrode without any engineering modifications. As 84 

compared to conventional materials such as carbon, gold, and platinum, BDD is characterised by a 85 

wide potential window for water stability, a low capacitive current, high repeatability of the 86 

measurement, and high resistance to non-specific absorption.14-16 In the analytical systems we 87 

constructed, a small BDD chip of ~1 cm2 serves as a drug sensor. As a test compound, we chose multi-88 

kinase inhibitor pazopanib, a molecular-targeting anticancer drug whose TDM is thought to be 89 

clinically effective.17,18 When plasma samples from orally dosed healthy rats and patients with sarcoma 90 
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were analysed in our tabletop system, the estimated concentrations approximately matched the values 91 

determined by LC coupled with tandem mass spectrometry (MS/MS). The BDD chips showed 92 

excellent repeatability of the measurement. Moreover, we evaluated the reproducibility of results 93 

among different chips. Finally, we developed a prototype of a handy monitoring system equipped with 94 

a handheld-type biosensor. This system, which is likely usable in laboratories of regular hospitals and 95 

clinics, successfully determined drug concentration in plasma from a small aliquot of whole blood, 96 

~40 µL, within a short sampling-to-result time: ~10 min. A bioreceptor-free BDD chip is reusable and 97 

easy to handle, has a low production cost, and theoretically can detect a wide variety of drugs by simply 98 

modifying the electric-potential protocol. Consequently, the strategy described in this study may 99 

contribute to advances in point-of-monitoring systems and TDM worldwide. 100 

 101 

Results 102 

Electrochemical characterisation of pazopanib 103 

Initially, we examined the basic electrochemical profile of pazopanib by means of plate electrodes 104 

made of different materials such as diamond doped with 1% boron (i.e. BDD), conventional glassy 105 

carbon, or platinum, in a tabletop system composed of a sensing element, a potentiostat, and a desktop 106 

computer (Figure 1). In the sensing element, a square-shaped chip of each electrode (~1 cm2) without 107 

any pre-treatment was overlaid with a small cylindrical chamber that has a hole at the bottom (volume 108 

of an applied sample: 120 µL, Supplementary Figure 1). Cyclic voltammetry with a BDD chip (chip 109 
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ID: A) in phosphate-buffered saline (PBS) containing 300 μM pazopanib clearly indicated – as 110 

compared to the response in PBS alone – two different current components: an anodic current that was 111 

evoked at >0.7 V (versus Ag/AgCl) and a cathodic current that began at –0.2 V and gradually increased 112 

as the potential was shifted in the negative direction (Figure 1a). A glassy-carbon chip elicited a 113 

similar anodic current but barely detected the cathodic current (Figure 1b). Hardly any drug response 114 

was observed with a platinum chip (Figure 1c). Plasma, which is in general employed for TDM, 115 

contains large amounts of endogenous substances including albumin, ascorbic acid, and uric acid, 116 

which induce a marked current at positive potentials over ~0.25 V.19-21 This current likely interferes 117 

with the anodic current resulting from pazopanib. Overall, because in the pazopanib-containing 118 

solution, the BDD chip yielded a clear-cut current at negative voltages (Figure 1a), this material was 119 

most suitable for the purpose in this study. 120 

 Additional experiments revealed two patterns: (1) induction of the cathodic current from 121 

pazopanib requires an oxidised form, which is generated by the potential protocol used in Figure 1a 122 

(Supplementary Figure 2a), and (2) the cathodic current was detectable on the electrode chip with an 123 

oxygen (O)-terminated surface but not with a hydrogen (H)-terminated surface (Supplementary 124 

Figure 2b). To address the latter issue, a pre-treatment potential protocol for O termination – i.e. initial 125 

potential 0 V, stepping to 1.0 V for 5 s, stepping to –1.0 V for 20 s, and clamping at 1.0 V for 60 s – 126 

was applied in advance to BDD chips in all the following electrochemical experiments. 127 

 128 
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Optimisation of the potential protocol for the measurement of pazopanib levels in rat plasma 129 

Next, we tested whether a BDD chip (chip ID: C) could detect pazopanib dissolved in plasma collected 130 

from a rat (Figure 2). When plasma alone was analysed, the cyclic voltammogram showed a significant 131 

anodic current at potentials exceeding 0.2 V and a cathodic current similar to the current recorded in 132 

PBS alone. Addition of pazopanib (300 µM) increased both the anodic current and cathodic current, 133 

but the amplitudes were small (Figure 2a). Therefore, we treated the test samples with acetonitrile to 134 

remove the endogenous proteins before electrochemical measurement (Figure 2b; see ‘Protocol 1’ in 135 

Supplementary Figure 3a). This procedure significantly reduced the anodic currents evoked at 136 

positive potentials in plasma samples with and without pazopanib; however, at negative potentials, the 137 

procedure strongly enhanced the drug-induced current. Accordingly, we decided to pre-treat all plasma 138 

samples with acetonitrile in the following assays. In addition, the observations in this series of 139 

experiments (Fig. 2) indicated that the electrochemical approach possibly detects the protein-unbound 140 

fraction of pazopanib and that the method with acetonitrile can analyse the ‘total’ fraction underlying 141 

clinically relevant pharmacokinetic principles and parameters.13 142 

 Osteryoung square wave stripping (OSWS) voltammetry offers higher sensitivity and a 143 

broader dynamic range for measurement of analytes than cyclic voltammetry does.22 Indeed, this 144 

notion was confirmed in PBS containing pazopanib by means of a BDD chip (Supplementary Figure 145 

4). Therefore, we selected OSWS voltammetry for detecting pazopanib in plasma. Furthermore, in the 146 

processes of the sample preparation, not only the necessary volume of acetonitrile but also small 147 
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aliquots of tetramethylammonium (TMA; 10 mM) and sodium dodecyl sulphate (SDS; 1 M) were 148 

added to the samples (see ‘Protocol 2’ in Supplementary Figure 3b); these compounds enhance the 149 

efficacy of an electrochemical reaction.23,24 Our potential protocol for the electrochemical 150 

measurement consisted of four procedures (Figure 3a); (i) step chronoamperometry for ‘pre-151 

conditioning’ in a 1 M KOH solution for electrode surface O-termination (see Supplementary Figure 152 

2b), (ii) two cycles of cyclic voltammetry in PBS for ‘quality control’, which verifies whether the 153 

potential window of water stability and the baseline redox current are adequate, (iii) OSWS 154 

voltammetry for the analysis of a plasma sample by the optimised potential protocol (deposition 155 

potential: 1.4 V, deposition time: 30 s, potential range: −0.8 to 0.4 V, ∆E: 50 mV, square-wave 156 

frequency: 10 Hz, and pulse amplitude: 50 mV), and (iv) step chronoamperometry for ‘conditioning’ 157 

in PBS, which likely removes fouling from the electrode surface and returns it to the initial state. 158 

Procedures (ii) to (iv) were repeated for sequential multiple-time measurements. 159 

Figure 3b shows a representative set of data from OSWS voltammetry on a BDD chip (chip 160 

ID: D) with plasma samples spiked with pazopanib at different concentrations, from 0 to 150 µM, the 161 

range that covers the therapeutic window (43.3–97.1 µM).25 For this assay, the plasma was collected 162 

from the same rat (animal ID: Rt09). Initially, a sample without the drug was examined; the current 163 

relatively stabilised at –4 µA from ~0.3 to ~0 V and gradually enlarged as the applied potential was 164 

enhanced in the negative direction (0 to –0.8 V). When pazopanib-containing samples were tested, the 165 

latter current component got amplified in a concentration-dependent manner. 166 
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It was expected that in OSWS voltammograms with plasma samples collected from different 167 

rats, the amplitudes of the baseline current evoked at ~0.3 to ~0 V would be inconsistent to some extent. 168 

In this context, when a calibration curve was obtained directly from the current amplitudes at some 169 

potential, the curve’s property could vary among different individuals. To minimise this variation, we 170 

instead attempted to use slope values calculated from the current amplitudes at two separate potentials 171 

(ΔI/ΔV). Analysis of numerous combinations of the potentials revealed that the data at −0.35 V and 172 

−0.45 V (ΔI/ΔV–0.35 V;–0.45 V) afforded a sensitive and stable calibration curve (Figure 3b and see 173 

Figshare 1, DOI: 10.6084/m9.figshare.19313882, regarding protocol optimisation). Figure 3c shows 174 

that plots of ΔI/ΔV–0.35 V;–0.45 V values at different drug concentrations (see Figure 3b) were fitted to 175 

linear regression. Notably, this slope (Figure 3c) significantly exceeded the slopes of the calibration 176 

curves obtained with the current amplitude at −0.35, −0.4, −0.45, −0.6, and −0.8 V (Supplementary 177 

Figure 5). 178 

 Next, with a different BDD chip (chip ID: E), we evaluated measurement stability (Figure 179 

3d). The plasma sample containing either 10 or 50 µM pazopanib was alternately applied to the chip 180 

in the chamber 30 times each, and OSWS voltammetry was carried out in every trial. ΔI/ΔV–0.35 V;–0.45 181 

V values at each concentration were highly stable throughout the experiment. Namely, coefficients of 182 

variation in the 10 and 50 µM data were 3.0% and 4.6%, respectively (Table 1), which were much less 183 

than 15%, i.e. the standard precision level for bioanalyses.5,26 Moreover, interclass correlation 184 

coefficients ICC(1, 1) and ICC(1, 30) were 0.975 and 0.999, respectively, indicating high reliability of 185 
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the repeated measurements (≥0.90).27 It is also noteworthy that the baseline values obtained two times 186 

with blank plasma at the outset of the assay were almost identical and closely matched those recorded 187 

at the end (the coefficient of variation: 2.2%; Figure 3d and Table 1). 188 

 189 

Analysis of plasma samples collected from rats that received pazopanib orally 190 

From the standpoint of clinical practice, we attempted to investigate whether pazopanib in the plasma 191 

obtained from an orally treated animal model can be quantified by a BDD chip (chip ID: F; Figure 4). 192 

In mammals, two metabolites can derive from pazopanib, but their amounts are negligible (<5% 193 

proportion for each).28 Therefore, we focused on the parent compound for the analyses. From each of 194 

five healthy rats (animal IDs: Rt01−05), whole blood was initially collected three times at an interval 195 

of ~0.5 hr for determining the baseline level, a calibration curve (Supplementary Figure 6a), and the 196 

limit of detection (LOD), followed by single administration of the drug at 100 mg mL–1 kg–1. After 197 

that, the blood (180 µL) was longitudinally collected at time points 1, 2, 3, 4, 5, 6, 8, and 24 hr (see 198 

‘Protocol 2’ in Supplementary Figure 3b). Figure 4a illustrates a representative result from a rat 199 

(animal ID: Rt01). In this assay, ΔI/ΔV–0.35 V;–0.45 V values obtained by OSWS voltammetry were 200 

converted to analyte concentrations by means of the calibration curve unique to the tested rat (termed 201 

‘Method #1’). The plasma drug level abruptly went up in 1 hr; it continued to increase and reached a 202 

peak of 59.1 µM at 8 hr among the blood-sampling time points. At 24 hr, the concentration returned 203 

to baseline. Among other rats, time to the maximum concentration varied to some extent (Table 2 and 204 
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Supplementary Figure 7a), as reported elsewhere.29 As an additional assessment of the quantitative 205 

nature of the pazopanib detection by the BDD chip, the plasma samples collected at different time 206 

points in the rat (animal ID: Rt01) were analysed by LC−MS/MS. Overall, the measurements were 207 

comparable to the data generated by the BDD chip (Figure 4a). This similarity was observed in the 208 

cases of other rats (animal IDs: Rt02−05, Supplementary Figure 7a) as well as in the averaged data 209 

from all the five tested animals (Figure 4b). In support of this finding, when pazopanib concentrations 210 

measured by LC−MS/MS were plotted against those determined by the BDD chip, the slope of Deming 211 

regression (i.e. errors-in-variables regression) was 1.053 (Figure 4c). Moreover, a Bland−Altman plot 212 

indicated a small bias of −4.6 ± 10.9 μM (i.e. the mean difference between the values obtained by two 213 

methods ± SD; Figure 4d).30 The majority of the data points fell within a 95% confidence interval of 214 

−26.0 to 16.8 μM, indicating that there was little systematic variation between the results obtained with 215 

the two methods. Therefore, the BDD-based system can, at least semi-quantitatively, determine plasma 216 

pazopanib concentrations. 217 

 In terms of possible practical use of the BDD chip–based system at a clinical site, it is 218 

unrealistic to build the chip’s calibration curve for each patient in advance. In this regard, in a series 219 

of analyses depicted in Figure 4e−f, a curve’s slope was determined from the linear regression that 220 

represented the electrochemical assays (0−150 µM pazopanib) of the samples from all the five rats 221 

(Supplementary Figure 6b). This ‘general’ slope likely corresponds to the average value of all the 222 

animals or even to the value obtained using other standard samples. Then, for each rat, the average of 223 
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the ΔI/ΔV–0.35 V;–0.45 V values obtained three times before drug administration was used as a zero µM 224 

reference. The data analysed with this ‘Method #2’ fell into a sufficiently acceptable range for 225 

quantitativity, as compared to the data from LC–MS/MS (Figure 4e and f for the data from Rt01 and 226 

the average of the data from the five rats, respectively; see Supplementary Figure 7b). The slope of 227 

Deming regression was 0.9081 (Figure 4g), and bias and the 95% confidence interval in the 228 

Bland−Altman plot were 2.7 ± 9.9 µM and −16.7 to 22.2 μM, respectively (Figure 4h). 229 

 230 

A clinical study 231 

We next investigated whether a BDD chip in the tabletop system can quantify plasma pazopanib in 232 

patients (Figure 5). Eight participants (patient IDs: Pt01−08) with different sarcoma types and various 233 

clinical characteristics received the drug orally once a day; six patients took other drug(s) before or 234 

during pazopanib treatment (Figure 5a and Figshare 2; DOI: 10.6084/m9.figshare.19313900). In each 235 

patient, the dose of pazopanib was determined or controlled in accordance with his or her physical 236 

condition, age, symptoms of the primary disease, complications, and adverse effects induced by the 237 

drug during a period of monitoring (8 or 16 days). Note that in two patients (patient IDs: Pt06 and 238 

Pt08), pazopanib treatment was discontinued due to severe general fatigue and bradycardia, 239 

respectively. Blood samples (6 mL) were collected from individuals at four time points: ~20−2 hr 240 

before and 2 hr after the first drug administration and immediately before the drug administration on 241 

the 3rd and 8th days (i.e. trough values) (except for Pt06 whose final sample was taken on the 16th day). 242 
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Then, the plasma fractions were processed (‘Protocol 2’ in Supplementary Figure 3b), and the 243 

concentrations were determined by two approaches: (1) a BDD chip (chip ID: F) with ‘Method #2’, 244 

which involved the ‘general’ calibration curve constructed from the data on all the patients 245 

(Supplementary Figure 8a) and the measurement of ΔI/ΔV–0.35 V;–0.45 V in the samples initially 246 

collected from the patients to implement the zero µM reference, and (2) LC–MS/MS. Overall, the 247 

results were consistent between the two approaches except for the data on the 8th day in Pt07 and on 248 

the 3rd day in Pt08 (Figure 5a). A scatter plot indicated that the slope of Deming regression was 0.88 249 

(Figure 5b), which likely rivals the performance of commercially available sensors for C-reactive 250 

protein, glucose, or haemoglobin31. In the Bland−Altman plot (Figure 5c), bias was small, 4.4 ± 13.1 251 

μM, and most data points were within the 1.96 SD range (i.e. 95% confidence interval: −21.3 to 30.0 252 

μM). These observations confirmed the accuracy of the measurements by means of the BDD chip 253 

system. 254 

 255 

Repeatability and reproducibility of the measurement with BDD electrodes 256 

As depicted in Figure 6, we evaluated BDD’s performance in multiple ways. First, each of the two 257 

chips tested in Figure 3 (chip IDs: D and E) was again subjected to OSWS voltammetry (see Figure 258 

3a), with 0−150 µM pazopanib dissolved in plasma collected from multiple rats (animal IDs: Rt06−17), 259 

and the calibration curves’ slope values were compared to those generated by chip F for the assays of 260 

the orally treated rats (see Figure 4). Mean ± SD values were 0.35 ± 0.04 for chip D (n = 6; 261 
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Supplementary Figure 9a), 0.15 ± 0.01 for chip E (n = 6; Supplementary Figure 9b), and 0.26 ± 262 

0.04 for chip F (n = 5; Supplementary Figure 6a). For each individual chip, the slope values were 263 

similar, as confirmed by the coefficient of variation of approximately ≤~15% (Table 3).5,26 With chip 264 

F, when spiked plasma samples of five different guinea pigs were tested (animal IDs: GP01−05, 265 

Supplementary Figure 10), the result was 0.27 ± 0.01 (mean ± SD), which resembled the 266 

aforementioned rat data and even the results on patients’ plasma (0.30 ± 0.01; n = 8; Supplementary 267 

Figure 8b; p = 0.8889 and 0.063, respectively, one-way ANOVA and post hoc Tukey’s test). These 268 

observations confirmed remarkably high repeatability of the measurement (see Figure 3d). 269 

Nonetheless, significant sensor-to-sensor variability of the slope was observed among the three chips 270 

(rat samples; p < 0.0001 for chip D versus chip E and chip E versus chip F; p < 0.001 for chip D versus 271 

chip F; one-way ANOVA and post hoc Tukey’s test).  272 

 273 

Fabrication and testing of a portable system for TDM 274 

Again, the amounts of whole blood collected from rats and patients dosed with pazopanib were 180 275 

µL and 6 mL, respectively (Figures 4 and 5). Nevertheless, considering the sample volume (120 µL) 276 

applied to the BDD chip for electrochemical detection of the drug in the tabletop system, the minimal 277 

required volume of whole blood was estimated to be ~60 µL. In spite of such small volume of the 278 

sample, setting up the tabletop system requires considerable space: a 1.5 × 1.5 m square 279 

(Supplementary Figure 1). Therefore, to make the system smaller and reduce the invasiveness of 280 
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blood sampling, we fabricated a prototype of a portable system, which harbours a handheld disk-281 

shaped biosensor 10 cm in diameter and 3.4 cm thick (Figure 7a). This device contains a tiny 282 

cylindrical chamber, which houses a BDD chip at the bottom (reaction area: 9.6 mm2, applied sample 283 

volume: 60 µL; Supplementary Figure 11). In addition, we included a smartphone-shaped 284 

potentiostat (115 × 59 × 13 mm) and a laptop computer for the convenience of measurement (Figure 285 

7a). Using this system (chip ID: H), a calibration curve was built four times by means of rat plasma 286 

spiked with different concentrations of pazopanib (0–100 µM) (animal ID: Rt18; Supplementary 287 

Figure 12a). ΔI/ΔV–0.35 V;–0.45 V slope values were relatively stable, 0.25 to 0.29, confirming the high 288 

repeatability of the measurement (Figure 7b). Next, to mimic clinical practice, ~40 µL of blood was 289 

collected from each of four rats (animal IDs: Rt19−22) immediately before oral administration of 290 

pazopanib (100 mg mL–1 kg–1) and 5 hr after the drug administration. Then, the plasma samples were 291 

processed by basically the same method as the one applied to clinical samples (‘Protocol 3’ in 292 

Supplementary Figure 12b), and the resultant samples were analysed electrochemically (chip ID: I). 293 

The concentrations at 5 hr were converted by aforementioned ‘Method 2’ via the calibration curve 294 

obtained with commercially available rat plasma (Supplementary Figure 12c). These values were 295 

similar to the 5 hr values determined in animal experiments with the tabletop system, as presented in 296 

Figure 4e and f (p = 0.11, Mann–Whitney U test; Figure 7c). Notably, the sampling-to-result time of 297 

this portable system never exceeded 10 min.  298 

 299 
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Discussion 300 

In this work, we demonstrated that the electrochemical method based on engineeringly unmodified 301 

BDD chips semi-quantitatively and selectively determines ‘total’ plasma concentration of pazopanib 302 

within its therapeutic range (Figures 1, 2, and 3a−c). Notably, these useful characteristics were 303 

documented in animal experiments and in a clinical study, where patient plasma samples were assayed 304 

by means of a BDD electrode for the first time (Figures 4 and 5). The BDD chip manifested high 305 

repeatability of the measurement and therefore is sustainable (Figures 3d and 6). The portable system 306 

with the handheld biodevice containing the chip determined the drug concentration in a small sample 307 

(~40 µL) of whole blood with short turnaround time (~10 min; Figure 7). This less invasive and speedy 308 

method with the possibly reusable sensor represents a low-cost strategy that can contribute to advances 309 

in TDM and may improve medication adherence. 310 

 311 

Advantages of drug-monitoring systems based on BDD 312 

The key factors for the development and dissemination of convenient drug detection systems are 313 

accuracy, precision, low cost, and simplicity. The quantitativity test of the BDD chips with clinical 314 

samples revealed that total imprecision relative to LC−MS/MS is ~12% (slope of Deming regression 315 

is 0.88; Figure 5b). This value is comparable to accuracy criteria for glucose meters (12−20%) and to 316 

the discrepancy between well-established immunoassays and reference methods (12−15%).30,32,33 A 317 

small number of recently created portable biosensors based on an immunoassay, surface plasmon 318 
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resonance, or electrochemistry were evaluated in terms of quantitativity by means of clinical blood 319 

samples.6-10 These systems require an antibody or enzyme that selectively recognises a given drug with 320 

high sensitivity, and the difficulty with finding such bioreceptors is likely a critical problem. As for 321 

the sensor involving an enzyme and aptamer, additional technologies are necessary that immobilise 322 

such drug-recognising components without a loss of their function on the surface of materials having 323 

specific physicochemical properties. In contrast, without such time-consuming and costly procedures, 324 

our system shows excellent selectivity, as validated on clinical samples containing various drugs and 325 

biological substances (Figure 5). This advantage is based on the properties of the native BDD 326 

electrode: theoretically, with simple optimisation of the potential protocol, this electrode can detect a 327 

wide variety of drugs. Indeed, we found that OSWS voltammetry with a different protocol in the 328 

tabletop system (chip ID: J) successfully detected another molecular-targeting anticancer drug, 329 

lenvatinib, within its therapeutic concentration range34 (0.10−0.21 µM; Supplementary Figure 13). 330 

This approach may also be applicable to certain classes of antibiotics, antimalarial drugs, antiepileptic 331 

drugs, antidepressants, other anticancer drugs, and vitamins, all of which have been detected by cyclic 332 

voltammetry with a BDD electrode in our earlier works.35,36 The inexpensiveness of our strategy is 333 

further proven as follows. As shown in Figure 3d and 6, a BDD chip can be repeatedly used ≥60 times 334 

via a simple reset procedure (i.e. washing with water followed by electrical treatment; Figure 3a). The 335 

excellent repeatability enables the reuse of the chip as the sensing element, thus reducing the cost of 336 

drug monitoring. This benefit may still be present even if the BDD chip serves as a disposable sensor: 337 



 20 

the fabrication price of the chip is estimated to be less than ~US$5. Moreover, the palm-sized device, 338 

the exchangeable chip, potentiostat, and data analysis platform can be integrated together into a 339 

handheld all-in-one instrument that may be produced at a low cost just as common portable glucose 340 

meters (~US$50), which are based on similar detection machineries, and comparably to a recently 341 

developed universal mobile electrochemical detector (~US$25).37 The BDD-based all-in-one device, 342 

which can facilitate on-site drug detection, may improve pharmacotherapy outcomes not only in 343 

developed but also in developing countries. 344 

Another noteworthy advantage of our approach is measurement rapidity. The portable system 345 

permitted us to determine plasma drug concentrations within a short sampling-to-result time of ~10 346 

min (Figure 7 and Methods). To our knowledge, this performance is better than the turnaround time 347 

of other point-of-care biosensors (15−90 min).38,39 Additional merits of the operating procedures are 348 

outlined below. Measurement accuracy was verified by means of rat and patient samples and a ‘general’ 349 

calibration curve (Figures 4e−h and 5). This observation indicates that before shipping to clinical sites, 350 

BDD chips can be calibrated with any standard plasma samples, even commercially available products 351 

(see Figure 7c). The portable system requires ~40 µL of whole blood for the drug quantification. Such 352 

small volume can be easily collected with low invasiveness by a finger prick and a capillary-type 353 

disposable microtube, which can be operated even by non-healthcare workers. All the procedures for 354 

the sample preparation and assay in our current method can be carried out via simple pipetting and 355 

centrifuging; although these tasks may be less convenient, they do not require well-trained personnel. 356 
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In this regard, our portable system, even in its current form, may be usable in laboratories of medium-357 

size and small hospitals and clinics. This application should become more realistic when the assay 358 

system is equipped with handy machinery that promptly removes the cells and proteins from a whole-359 

blood sample without the manual procedures and is accompanied by a cleaning kit and potential 360 

protocol that semi-automatically wash and reset the BDD chip on site. 361 

Given that these improvements and the development of the aforementioned all-in-one mobile 362 

device will be achieved in the near future, we propose a point-of-testing system with the reuse of BDD 363 

chips for next-generation TDM not only at a local pharmacy but also in patients’ homes (Figure 8). 364 

This strategy along with the ‘green’ electrochemical material may reduce the pollution caused by 365 

disposable devices and thereby may fit the ‘sustainable development goals’ adopted by the United 366 

Nations in 2015 (https://sdgs.un.org/goals). 367 

 368 

Limitations of systems with BDD chips 369 

Despite the remarkable advantages of the method based on BDD chips, this approach has a few 370 

limitations. The first issue is related to the specificity of drug detection. In patients who take many 371 

pharmaceuticals or have an unstable physical condition, the redox current evoked by the target drug 372 

may overlap with the responses induced by other compounds, metabolites, or other quantitatively 373 

fluctuating endogenous biological substances. This interference may explain the observation that in 374 

two data points of our experiments with clinical samples, the BDD measurement results exceeded the 375 
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LC−MS/MS measurement results by 1.5−2-fold (Figure 5a). The cross-redox reactivity at target 376 

potential(s) should be more carefully considered for clinical applications of such BDD systems. Second, 377 

for drug quantification, a BDD electrode is likely to be less sensitive than conventional methods such 378 

as LC−MS/MS. In this regard, the therapeutic range of some drugs will be undetectable with our 379 

approach. To address these shortcomings, the potential protocol, the data analysis method, and the 380 

amounts or types of the organic solvent, supporting electrolyte, and surfactant can be optimised. 381 

Finally, although the BDD chip showed high repeatability of measurement, sensor-to-sensor 382 

reproducibility of data remains to be improved (Figure 6). Resolving this issue is a key step for the 383 

device’s mass production for introduction into the clinic. 384 

 385 

Prospects of TDM in oncology 386 

There is no doubt that the use of molecular-targeting drugs will be extended to more cancer types. 387 

Accordingly, we selected pazopanib in this study. Our clinical study highlighted individual differences 388 

in pharmacokinetics among the eight patients (Figure 5a). This finding reinforces the idea that for 389 

molecular-targeting reagents, TDM is valuable.17,40 Nevertheless, this approach is still uncommon in 390 

clinical practice, likely because growing scientific evidence is not yet sufficient to clearly prove the 391 

efficacy of dose modification for individual patients. In this context, clinical pharmacokinetic studies 392 

accompanied by an evaluation of patient outcomes (by pharmacodynamic assays, with collation of 393 

their results with the pharmacokinetic data) as well as randomized clinical trials designed to assess the 394 
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effect of TDM are insufficient;2,41 however, a possible problem is that only a limited number of 395 

institutions have and can handle expensive and labor-intensive LC−MS/MS equipment. Large-scale 396 

prospective studies may become more accessible because of the simple low-cost strategy involving the 397 

portable BDD biosensors. 398 
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Methods  428 

Fabrication of BDD electrodes 429 

A plate-type BDD electrode used in this study was prepared with the method principally the same as 430 

that used in our earlier works42,43. Polycrystalline BDD films were deposited on a circular silicon wafer 431 

plate (diameter: 5 cm, thickness: 750 µm) in a microwave plasma-assisted chemical vapor deposition 432 

system (Cornes Technologies, Tokyo, Japan). By means of acetone and trimethoxyborane that were 433 

mixed at a boron/carbon ratio of 1%, the plate material was charged with plasma power at 5,000 W for 434 

4 hr. Quality control of the BDD was carried out by Raman spectroscopy (Renishaw System 2000; 435 

Renishaw PLC, Gloucestershire, UK) in accordance with the criteria described previously.35 The 436 

fabricated plate electrode was divided into multiple square pieces (~1 × ~1 cm). Each of these BDD 437 

chips (chip IDs: A−J) was set in the measurement chamber of the tabletop drug detection system 438 

(Supplementary Figure 1) or in the handheld disk-shaped device of the portable system (Figure 7a 439 

and Supplementary Figure 11). 440 

 441 

Chemicals and solutions 442 

Pazopanib (LC laboratories, Woburn, MA, USA) was dissolved in dimethyl sulphoxide (DMSO; 443 

FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan) to prepare 2, 6, 10, 15, 20, 25, and 30 444 

mM stock solutions. Requisite volume of the stock solutions was added to PBS (FUJIFILM Wako Pure 445 

Chemical Corporation) or to plasma collected from rats, guinea pigs, or patients, and these samples 446 
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were analysed electrochemically. As for lenvatinib, this compound (Cayman Chemical, Ann Arbor, 447 

Michigan, USA) was dissolved in DMSO to prepare 0.1, 0.3, 1.0, and 3.0 mM stock solutions. SDS 448 

(FUJIFILM Wako Pure Chemical Corporation) and TMA (Tokyo Chemical Industry Co., Ltd., Tokyo, 449 

Japan) were separately dissolved in ultrapure water (Thermo Fisher Scientific, Waltham, MA, USA) 450 

to prepare stock solutions at 1 M and 10 mM, respectively. All the stock solutions were stored at −30 451 

°C until use. 452 

 The pazopanib solution administered to rats was prepared immediately before every 453 

experiment. First, requisite volume of Tween 80 (Sigma-Aldrich; St. Louis, MO, USA) was added to 454 

a 0.5% hydroxypropylmethylcellulose solution (FUJIFILM Wako Pure Chemical Corporation) to 455 

obtain 0.1% concentration of the detergent. Then, the drug was dissolved in this solution at the 456 

concentration of 100 mg mL−1.44,45 In the analysis of clinical samples, patients received pazopanib 457 

tablets (Novartis Japan, Tokyo, Japan).  458 

 459 

Electrochemical measurements in the tabletop system 460 

Electrochemical measurements were carried out by means of the tabletop system or the portable system. 461 

This section is focused on the experimental procedure for the former system, whose overview is 462 

illustrated in Supplementary Figure 1. In this system, a plate-type electrode chip composed of BDD, 463 

glassy carbon (ALS Co., Ltd., Tokyo, Japan), or platinum (Sanwakinzoku, Saitama, Japan) served as 464 

the working electrode. Before installation into the system, the carbon and platinum electrodes were 465 
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polished with a 0.05 µm alumina suspension, and in addition, all the electrodes including BDD chips 466 

were washed with ultrapure water. After that, each electrode chip was overlaid with a cylindrical Teflon 467 

chamber (internal diameter: 15 mm, external diameter: 21 mm, height: 15 mm, and volume: 2.3 mL). 468 

Because the chamber has a hole of a 6 mm diameter at the bottom, the electrochemically reactive 469 

surface area of the electrode was ~28 mm2. The chamber also housed a reference electrode, which was 470 

composed of Ag/AgCl with saturated KCl (2 mm in diameter, LF-2: Innovative Instruments, Inc., FL, 471 

USA) and a counter electrode, which was made by coiling a platinum wire 0.5 mm in diameter so that 472 

the final diameter of the coil was ~2 mm and length ~3 mm. A brass plate underlaid the working-473 

electrode chip for connection to a potentiostat (HZ-7000; Hokuto Denko, Tokyo, Japan). The device 474 

was placed in a Faraday cage, and the voltammetry and recording were performed at room temperature 475 

(25 °C).  476 

 Before the experiments with the tabletop system as presented in Figure 1 and Supplementary 477 

Figures 2a and 4, the surface of each working-electrode chip (i.e. the BDD, glassy carbon, and 478 

platinum chip) was first cleaned and then conditioned in PBS via two cycles of cyclic voltammetry 479 

(sweep rate: 0.1 V s–1, potential window: –1.0 to 1.5 V, initial potential: 0 V versus Ag/AgCl). In other 480 

series of electrochemical assays, at the outset of each experiment, the BDD chip was pre-treated to 481 

configure the surface state by either one of the following chronoamperometry protocols: (1) the O-482 

termination: initial potential 0 V, stepping to 1.0 V for 5 s, stepping to –1.0 V for 20 s, and clamping 483 

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, 484 



 28 

and clamping at –1.0 V for 80 s in 0.5 M H2SO4. 485 

 Cyclic voltammetry for basic characterisation of pazopanib dissolved in PBS was carried out 486 

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 487 

(versus Ag/AgCl; Supplementary Figure 2). Of note, to determine pazopanib’s redox state that can 488 

evoke a cathodic current, the applied potential was scanned in the positive direction from 0 to 1.5 V 489 

for oxidation of the compound and then shifted to –1.0 V; alternatively, the potential was swept in the 490 

negative direction from 0 to –1.0 V for reduction of the compound and then shifted to 1.5 V. The latter 491 

protocol was applied only in the experiment depicted in the right-hand panel of Supplementary 492 

Figure 2a. 493 

To detect pazopanib in plasma (for details of the preparation of plasma samples, see 494 

‘Preparation of samples from rat and guinea pig plasma’ below), the BDD chips underwent the 495 

potential protocol composed of four procedures as follows (Figure 3a): (i) ‘pre-conditioning’ 496 

chronoamperometry in 1 M KOH (1 mL) for the electrode surface O-termination (initial potential: 0 497 

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) 498 

for ‘quality control’ (sweep rate: 0.1 V s−1, potential window: −1.0 to 1.5 V, initial potential: 0 V), (iii) 499 

OSWS voltammetry for the ‘measurement’ in a plasma sample (120 µL) by the optimised potential 500 

protocol (deposition potential: 1.4 V, deposition time: 30 s, potential range: −0.8 to 0.4 V, ∆E: 50 mV, 501 

square-wave frequency: 10 Hz, pulse amplitude: 50 mV), and (iv) ‘conditioning’ chronoamperometry 502 

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 503 
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procedures (ii) to (iv) were repeated for sequential multiple-time measurements. 504 

The samples containing lenvatinib were analysed in the tabletop system as follows. Necessary 505 

volume of the stock solution was mixed with PBS to prepare the test samples (10 µM lenvatinib). 506 

Cyclic voltammetry was carried out at a sweep rate of 0.1 V s–1 with a potential window of –1.0 to 1.5 507 

V and an initial potential of 0 V (versus Ag/AgCl; Supplementary Figure 13a). To detect lenvatinib 508 

in rat plasma (for details of the preparation of plasma samples, see ‘Preparation of samples from rat 509 

and guinea pig plasma’ below), a BDD chip was subjected to the protocol similar to the one for 510 

pazopanib, with a few modifications (Supplementary Figure 13b): (i) ‘pre-conditioning’ 511 

chronoamperometry in 1 M H2SO4 (1 mL) for the electrode surface H-termination (initial potential: 0 512 

V, –1.0 V for 50 s), (ii) two cycles of cyclic voltammetry in PBS alone (120 µL) for ‘quality control’ 513 

(sweep rate: 0.1 V s−1, potential window: −1.0 to 1.5 V, initial potential: 0 V), (iii) OSWS voltammetry 514 

for ‘measurement’ in a plasma sample (120 µL) by the optimised potential protocol (deposition 515 

potential: 1.2 V, deposition time: 30 s, potential range: −0.8 to 0.4 V, ∆E: 50 mV, square-wave 516 

frequency: 20 Hz, pulse amplitude: 125 mV), and (iv) ‘conditioning’ chronoamperometry in PBS (120 517 

µL) (initial potential: 0 V, 3.0 V for 2 s, and –3.0 V for 3 s). 518 

 519 

Preparation of samples from rat and guinea pig plasma containing pazopanib 520 

Animal experiments were carried out in compliance with the protocol approved by the Institutional 521 

Animal Care and Use Committee and by the President of Niigata University (Permission Number: 522 
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Niigata Univ. Res. SA00757 and SA00764) and the ethical approval from the Animal Experiment 523 

Committee of Osaka University Graduate School of Medicine (decision No. 03-062-00). The 524 

experiments were designed according to the Japanese Animal Protection and Management Law. Male 525 

Wistar rats (200–400 g, 6–40 weeks of age; SLC Inc., Hamamatsu, Japan) and male and female Hartley 526 

albino guinea pigs (750–1100 g, 10–40 weeks of age; SLC Inc.) were housed at the animal facilities 527 

of Niigata University or Osaka University and kept on a 12-h light/12-h dark cycle. Water and feed 528 

were available ad libitum. Animal handling and reporting are in compliance with the ARRIVE 529 

guidelines.46 In total, 28 rats and five guinea pigs were used in this study; from each animal, requisite 530 

volume of whole blood was collected, and plasma was isolated as described below. The plasma samples 531 

were subjected to the following four different assays. 532 

 The first series of experiments was intended for the characterisation of the basic 533 

electrochemical profile of pazopanib in rat plasma by means of the tabletop system (Figure 2). A rat 534 

(animal ID: Rt27) was anaesthetised deeply by an intra-peritoneal injection of 64.8 mg kg−1 535 

pentobarbital sodium (Kyoritsu Seiyaku Corporation, Tokyo, Japan). A 27-gauge needle attached to a 536 

blood collection tube (Terumo Corporation, Tokyo, Japan), which contained 3.2% sodium citrate, was 537 

inserted into the right ventricle; ~10 mL of blood was withdrawn from the animal. Plasma was isolated 538 

by centrifugation of the blood for 4 min at 1,450 × g (4 °C) and stored at −30 °C until further 539 

experiments. The rats were euthanised via anaesthetic overdose and exsanguination. The samples 540 

subjected to electrochemical measurements were prepared in the following way. The plasma containing 541 



 31 

pazopanib at 10, 50, or 300 µM was obtained by dilution of the 2, 10, or 60 mM pazopanib stock 542 

solution 200-fold, respectively. Next, as shown in Figure 2a, 120 µL of the 300 µM sample was 543 

subjected to cyclic voltammetry. Alternatively, as illustrated in Figure 2b, 100 µL of this sample was 544 

mixed by vortexing for 10 s with 400 µL of acetonitrile (Kanto Chemical Co., Inc., Tokyo, Japan), 545 

followed by centrifugation for 2 min at 20,000 × g (4 °C; ‘Protocol 1’ in Supplementary Figure 3a). 546 

One hundred and twenty microlitres of the supernatant was subjected to the electrochemical analysis. 547 

 The second series of experiments evaluated the repeatability of the measurements by a BDD 548 

chip (Figure 3d) and helped to determine calibration curves for several purposes (Figures 3b and c 549 

and 6; Supplementary Figures 5, 9, and 10). One hundred microlitres of rat or guinea pig plasma 550 

(animal IDs: Rt06−17, GP01−05), which was obtained with the same methods of anaesthesia and 551 

sample collection as in the first series above, was mixed by vortexing for 10 s with 0.5 µL of either 552 

DMSO alone or a pazopanib stock solution (2, 6, 10, 15, 20, 25, or 30 mM), resulting in plasma samples 553 

containing the drug at 0, 10, 30, 50, 75, 100, 125, and 150 µM. Next, each sample was combined with 554 

400 µL of acetonitrile, gently vortexed for 10 s, and centrifuged for 2 min at 20,000 × g (4 °C). Four 555 

hundred microlitres of the supernatant was transferred to a tube that contained 0.4 µL of 10 mM TMA 556 

and 0.4 µL of 1 M SDS, followed by vortex mixing for 10 s. One hundred and twenty microlitres of 557 

the sample was then used for electrochemical measurement. These procedures for the spiked samples 558 

are described as ‘Protocol 2’ in Supplementary Figure 3b. 559 

 In the third series of assays, plasma pazopanib concentrations in rats systemically treated with 560 
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the drug were measured over time (Figures 4 and 6; Supplementary Figures 6 and 7). After adequate 561 

anaesthesia by an intra-peritoneal injection of a mixture of 0.375 mg kg−1 medetomidine hydrochloride 562 

(Kyoritsu Seiyaku Corporation, Tokyo, Japan), 2 mg kg−1 midazolam (Sandoz K.K., Tokyo, Japan), 563 

and 2.5 mg kg−1 butorphanol (Meiji Seika Pharma Co., Ltd., Tokyo, Japan), the right internal jugular 564 

vein of rats (n = 9; animal IDs: Rt01−05 and 23−26) was catheterised with a polyurethane blood 565 

collection tube (Instech Laboratories Inc., PA, USA) that was filled with heparin-containing saline 566 

(heparin sodium; Otsuka Pharmaceutical Factory, Tokushima, Japan). At ≥4 days after the 567 

catheterisation, the experiments were conducted as follows. First, whole blood was collected from each 568 

rat at 1 hr, 30 min, and a few minutes before pazopanib administration. Then, the drug-containing 569 

solution (100 mg mL−1 kg−1 body weight) was given orally to the animals via a feeding needle. This 570 

process was followed by longitudinal blood sampling eight times (time points: 1, 2, 3, 4, 5, 6, 8, and 571 

24 hr). The sampling amount immediately before the drug administration was 900 µL, which was 572 

employed to construct a calibration curve (see also the section ‘Calibration curves from rat and 573 

guinea pig samples’ below), whereas the amount at other time points was 180 µL. Next, the collected 574 

blood (900 or 180 µL) was transferred to a polypropylene tube, which in advance contained 100 or 20 575 

µL of a 3.2% sodium citrate solution, and was centrifuged for 2 min at 20,000 × g (4 °C) for plasma 576 

isolation. The obtained plasma samples were stored at −30 °C until the electrochemical or LC–MS/MS 577 

analyses. Out of nine rats subjected to the above assay, from four rats (animal IDs: Rt23−26), the blood 578 

sample was not collected at a certain time point owing to catheter clogging; therefore, these animals 579 
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were excluded from further analysis. For the other five rats (animal IDs: Rt01−05), the sampling was 580 

successful throughout the experiment; however, in three rats (animal IDs: Rt03−05), a sufficient 581 

amount of blood for both electrochemical and LC–MS/MS measurements could not be obtained at 582 

certain time point(s) owing to our technical errors. Therefore, these plasma samples were analysed 583 

only by means of the BDD chip in the tabletop system. Next, the plasma obtained from each rat after 584 

the drug administration was thawed; 60 µL of the sample was mixed with 0.3 µL of DMSO and then 585 

subjected to the procedures of ‘Protocol 2’ mentioned above (see three-fifths–scaled procedure in 586 

Supplementary Figure 3b). To build a calibration curve for each of the five rats, standard samples 587 

spiked with pazopanib (0−150 µM) were prepared from 60 µL of thawed control plasma and 0.3 µL 588 

of the stock solutions. Subsequent preparation of samples was carried out by the procedures of 589 

‘Protocol 2’ at three-fifths volume scale (Supplementary Figure 3b). Finally, 120 µL of a sample was 590 

employed for electrochemical measurement. 591 

 The fourth series of sample preparation procedures was associated with measurements on the 592 

handheld disk-shaped device in the portable system (Figure 7). To construct the calibration curves 593 

used in Figure 7b (see also Supplementary Figure 12a), test spiked samples containing pazopanib at 594 

0, 10, 30, 50, 75, or 100 µM were prepared from the plasma obtained from a rat (animal ID: Rt18) by 595 

the same procedure as in the aforementioned first series. To determine plasma pazopanib 596 

concentrations in orally dosed rats (n = 4; animal IDs: Rt19−22; Figure 7c), ~40 µL of whole blood 597 

was collected from the tail vain in each animal without anaesthesia by means of a hematocrit tube (EM 598 
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MYSTAR Hematocrit Capillary Heparin Treatment; Thermo Fisher Scientific K. K., Tokyo, Japan); 599 

the tube was flushed in advance with a 3.2% sodium citrate solution. The obtained blood was 600 

immediately transferred to a 0.25 mL microtube (QSP Microtube 503-Q; AS ONE CORPORATION, 601 

Osaka, Japan) that already contained 4 µL of the sodium citrate solution and was centrifuged for 2 min 602 

at 20,000 × g (4 °C). Twenty microlitres of the obtained plasma was mixed with 80 µL of acetonitrile 603 

by vortexing for 10 s; this sample was next centrifuged for 2 min at 20,000 × g (4 °C). Eighty 604 

microlitres of the supernatant was transferred to a tube containing 0.8 µL of 0.1 M SDS and 0.8 µL of 605 

1 mM TMA, followed by gentle mixing for 10 s. Sixty microlitres of this sample was subjected to the 606 

electrochemical measurement with the disk-shaped device. These procedures are designated as 607 

‘Protocol 3’ in Supplementary Figure 12b. Note that the calibration curve described in 608 

Supplementary Figure 12c, which was used for calculation of the drug concentrations in the 609 

aforementioned rat samples, was built beforehand on the basis of the commercially available rat plasma 610 

(Rockland Immunochemicals, Inc., Philadelphia, PA, USA) that was spiked with different amounts of 611 

pazopanib (0−100 µM). 612 

 613 

Preparation of rat plasma samples containing lenvatinib 614 

The samples containing lenvatinib at different concentrations were prepared as follows 615 

(Supplementary Figure 13b). The 0.1, 0.3, 1.0, and 3.0 mM stock solutions were diluted 1000-fold 616 

with the plasma that was collected from a rat in the aforementioned first series of experiments for 617 
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pazopanib detection, by 1000-fold to prepare test spiked samples of 0.1, 0.3, 1.0, and 3.0 µM lenvatinib, 618 

respectively. An aliquot of 200 µL of each sample was mixed by vortexing for 10 s with 200 µL of 619 

acetonitrile, followed by centrifugation for 2 min at 20,000 × g (4 °C). One hundred and fifty 620 

microlitres of the supernatant was transferred to a microtube containing 0.3 µL of 10 mM TMA and 621 

150 µL of PBS, followed by vortex mixing for 10 s. After that, 120 µL of the supernatant was assayed 622 

with the BDD chip in the tabletop system. 623 

 624 

Calibration curves from rat and guinea pig samples 625 

Current amplitudes at −0.45 and −0.35 V were extracted from OSWS voltammograms of a rat or guinea 626 

pig test plasma sample at each pazopanib concentration (0, 10, 30, 50, 75, 100, 125, and 150 µM). 627 

Then, from these two datasets, the slope (ΔI/ΔV–0.35 V;–0.45 V) was calculated and plotted as a function 628 

of drug concentration. It must be pointed out that in some experiments, all the ΔI/ΔV–0.35 V;–0.45 V values 629 

(pazopanib: 0 to 150 µM) determined in five rats were plotted in a single graph and analysed to 630 

compute the ‘general’ slope (Supplementary Figure 6b; animal IDs: Rt01−05). For the calibration 631 

curve of lenvatinib (Supplementary Figure 13c), ΔI/ΔV–0.35 V;–0.45 V values at 0, 0.1, 0.3, 1.0, and 3.0 632 

µM from the OSWS voltammograms were used and plotted as a function of the concentration. The 633 

data were fitted to a four-parameter logistic-regression model.  634 

 In each series of analyses, the data were fitted to a linear or nonlinear regression function in 635 

GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). 636 
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 637 

Construction of the portable system 638 

A prototype of a handheld disk-shaped drug-monitoring device was constructed from several 639 

components by EC Frontier Co., Ltd. (Kyoto, Japan); the blueprint is shown in Supplementary Fig. 640 

11. The device was assembled from inner and outer containers that were composed of 641 

polychlorotrifluoroethylene and aluminium, respectively. The disk-type inner container (diameter: 50 642 

mm, height: 21 mm) encompassed a cylindrical chamber (diameter: 3.5 mm, height: 5.5 mm, and 643 

volume: 52.9 µL) that housed a small plate-type BDD electrode chip (~1 × ~1 cm) at the bottom. The 644 

area of the electrode surface immersed in a drug-containing solution was 9.6 mm2. The electrode chip 645 

was underlaid by a brass disk that was connected to a smartphone-sized potentiostat (pocketSTAT: 115 646 

× 59 × 13 mm; Ivium Technologies B.V., Eindhoven, Netherlands) via a copper wire. A counter 647 

electrode (platinum) and reference electrode (Ag/AgCl) were inserted into the cylindrical chamber. 648 

The top of the chamber was attached to a conical cavity (depth: 6 mm, large diameter: 15.5 mm) that 649 

was designed to facilitate sample application. The inner container was encased with the outer container 650 

made of aluminium. The electrochemical measurements were performed by the same potential 651 

protocol as shown in Figure 3a; the protocol consisted of four procedures (see section 652 

‘Electrochemical measurements’ above). 653 

 654 

Pharmacokinetics 655 
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Pharmacokinetics of pazopanib in the plasma of each rat dosed with the drug were evaluated by means 656 

of three parameters, which were extracted from the electrochemical data (Table 2). First, the highest 657 

concentration among the blood-sampling time points was designated as Cmax,obs. The second parameter 658 

was tmax,obs, which is the time elapsed before the concentration reached Cmax,obs. The third parameter 659 

was AUC8h, i.e. the area under the curve at time points ‘0 hr’ to ‘8 hr’. AUC8h was determined in 660 

GraphPad Prism 9. 661 

 662 

Collection and analysis of clinical samples 663 

The study for evaluation of a BDD chip with clinical samples was designed in accordance with the 664 

Helsinki Declaration (1964, amended in 2000) of the World Medical Association and was approved 665 

by the Institutional Review Board of Niigata University (approval No. 2018-0234). This observational 666 

study was conducted at the Department of Medical Oncology, Niigata University Medical and Dental 667 

Hospital (Niigata, Japan). 668 

Between October 2018 and September 2020, eight patients with soft tissue sarcoma, who were 669 

older than 18 years and were treated with pazopanib, were found to be eligible for the study. Thus, 670 

four male and four female patients (IDs: Pt01−Pt08) were enrolled; the median age was 66 years 671 

(ranging from 23 to 76 years). After agreeing with the purpose and procedures of the study and 672 

providing written informed consent, all the participants started to receive a single daily oral dose of 673 

pazopanib during hospitalisation. In each patient, the dose of pazopanib was determined or changed in 674 
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accordance with his or her physical condition, age, symptoms of the primary disease, complications, 675 

and adverse effects induced by the drug during the monitoring period (drug dose: 800, 600, or 400 mg 676 

per day). Note that in two patients (IDs: Pt06 and Pt08), the pharmacotherapy was discontinued due to 677 

severe general fatigue and bradycardia, respectively. From participants, whole blood (6 mL for each 678 

sampling) was collected via blood collection tubes (2 mL × 3 tubes; Terumo Corporation) containing 679 

3.2% sodium citrate four times as follows: prior to the first drug administration (on the day or the day 680 

before; i.e. control or blank samples), 2 hr after the first administration, and immediately before the 681 

drug administration on Day 3 and 8 (i.e. trough values). As an exception, in one patient (ID: Pt06), the 682 

last sampling was carried out on Day 16 because of clinical circumstances. From each patient, an 683 

additional amount of blood was collected at some time points for the clinical laboratory tests. 684 

The collected whole-blood samples were centrifuged for 10 min at 1,450 × g (4 °C) to separate 685 

plasma. Then, the plasma samples were preserved at −80 °C in a deep freezer until subsequent analysis. 686 

The thawed samples were subjected to the electrochemical assays, i.e. construction of calibration 687 

curves and estimation of pazopanib concentrations with methods identical to those used for the animals’ 688 

samples (‘Protocol 2’ in Supplementary Figure 3b and see sections ‘Preparation of samples from 689 

rat and guinea pig plasma’ and ‘Calibration curves from rat and guinea pig samples’ and the main 690 

text), as well as to the LC–MS/MS analysis (section ‘LC–MS/MS’ below). As for Pt05, during the 691 

preparation of plasma from the blood obtained before the drug administration, a considerable amount 692 

of the sample was lost due to our technical errors. Therefore, this plasma sample underwent only the 693 
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electrochemical measurements. 694 

Finally, demographic and clinical data were collected from the electronic medical records of 695 

the institution. 696 

 697 

LODs of electrochemical measurements 698 

An LOD for each experiment with the rats orally dosed with pazopanib was calculated as follows. 699 

From OSWS voltammetric recordings from the plasma samples, ΔI/ΔV–0.35 V;–0.45 V values were 700 

extracted that were measured three times before the drug administration. Then, the SD of this 701 

background signal and the slope of the calibration curve built for an individual animal were used to 702 

calculate the LOD via equation (1):47 703 

𝐿𝐿𝐿𝐿𝐿𝐿 = 3𝑆𝑆𝐿𝐿/𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠     (1). 704 

 In the analysis of clinical samples, the collection of blank blood three times before the drug 705 

administration is ethically problematic. Therefore, on the sample obtained once from each patient, 706 

OSWS voltammetry was performed three times, and the ΔI/ΔV–0.35 V;–0.45 V values were utilised to 707 

determine the LOD via a calibration curve in the same manner as in the rat experiments. 708 

 All the LODs are shown in the panels of Figures 4 and 5 and Supplementary Figure 7. 709 

 710 

LC–MS/MS 711 

The chemicals used for this analysis – in addition to the reagents from other experiments described 712 
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above – were as follows: haloperidol, N,N-dimethylformamide, and formic acid from FUJIFILM Wako 713 

Pure Chemical Corporation (Osaka, Japan), and control rat and human pooled plasma with the 3.2% 714 

sodium citrate anticoagulant from Japan SLC, Inc. (Shizuoka, Japan) and BioIVT (New York, USA), 715 

respectively. A formic acid solution (0.05%) was obtained by diluting 0.5 mL of formic acid with water 716 

to a final volume of 1,000 mL. Haloperidol, which served as an internal standard (IS), was dissolved 717 

in N,N-dimethylformamide at 1 mg mL−1 to prepare a stock solution. 718 

 The following solutions were subjected to the LC–MS/MS assays. First, a stock solution of 719 

pazopanib (2, 6, 10, 15, 20, 25, or 30 mM in DMSO) was diluted with the control rat pooled plasma 720 

to obtain calibration standard (CS) samples of the drug at 0, 1, 3, 10, 30, 50, 75, 100, 125, and 150 µM 721 

(100 µL for each). The 0 µM sample was prepared by the addition of 0.5 μL of DMSO to 100 μL of 722 

the control plasma. Of these CS samples, 30, 75, and 125 µM solutions also served as quality control 723 

(QC) samples that were references for low, medium, and high concentrations, respectively. Each of 724 

these CS and QC samples (100 µL) was mixed with 400 µL of acetonitrile by vortexing; after that, the 725 

mixture was centrifuged for 5 min at 12,000 × g (4 °C; CF15R High-Speed Micro Centrifuge; 726 

Eppendorf Himac Technologies Co., Ltd., Ibaraki, Japan). These procedures precipitated and removed 727 

proteins from the plasma sample. After the centrifugation, the supernatant was collected for further 728 

experiments; the volume of each sample subjected to an LC–MS/MS analysis was 1 µL. 729 

 To prepare test samples corresponding to the rats dosed with pazopanib, first, an aliquot of 5 730 

µL was taken from the plasma resulting from blood collection at each time point. On several occasions, 731 
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the volume of the original plasma samples was less than 5 µL; therefore, from these samples, a 1 or 732 

2.5 µL aliquot was withdrawn and diluted 5- or 2-fold with the control rat plasma. In any case, the 5 733 

µL sample solution was treated with 20 µL of acetonitrile as described above in the paragraph about 734 

CS and QS samples, and 1 µL of the supernatant was analysed by LC–MS/MS. 735 

 The solutions and procedures associated with the analysis of human samples were as follows. 736 

The CS samples containing pazopanib at 0, 1, 3, 10, 30, 50, 75, 100, 125, or 150 µM (200 µL each) 737 

were prepared by the addition of requisite volume of either DMSO or the pazopanib stock solutions to 738 

the control human pooled plasma in accordance with the protocol for the rat samples. The 3 µM, 30 739 

µM, and 100 µM samples served as the QC samples as well. Besides, an IS working solution was 740 

obtained via dilution of the stock solution 50,000-fold with acetonitrile (final haloperidol 741 

concentration: 20 ng mL−1). A 25 μL aliquot of each CS, QC, and human sample was combined with 742 

100 µL of the IS working solution, and subsequent procedures were the same as those for the rat 743 

samples. In this regard, a blank sample was prepared from the control plasma (25 µL) and acetonitrile 744 

(100 µL). Finally, 0.5 µL of the supernatant obtained from each sample was analysed by LC–MS/MS. 745 

 The LC was carried out on a Nexera X3 UHPLC system (Shimadzu Corporation, Kyoto, 746 

Japan) equipped with a Mastro C18 column (length: 100 mm, inner diameter: 2.1 mm, and particle 747 

size: 3 μm; Shimadzu GLC Ltd., Tokyo, Japan) at 40 °C and a flow rate of 0.25 mL min−1. The mobile 748 

phase consisted of buffer A: 0.05% formic acid in water, and buffer B: acetonitrile. The 749 

chromatography program for the rat plasma samples commenced with 20% of B for 1.5 min, and next, 750 



 42 

a gradient from 20% to 90% of B was implemented for 5.5 min, the latter composition was maintained 751 

for 2 min, and then B concentration was decreased to 20% for 0.1 min and maintained for 2.9 min. For 752 

the human plasma samples, the chromatography program commenced with 20% of B for 1 min; then 753 

a gradient from 20% to 45% was implemented for 6 min; after that, the B concentration was increased 754 

from 45% to 90% for 0.1 min, maintained for 1.9 min, decreased to 20% for 0.1 min, and finally 755 

maintained for 2.9 min. MS/MS was performed using a Triple Quad5500 + mass spectrometer (SCIEX; 756 

Framingham, MA, USA) with electrospray ionisation. Mass-spectrometric settings were optimised to 757 

obtain the maximal signal for each selected reaction-monitoring transition; the determined parameters 758 

are provided in Supplementary Table 1. By the multiple-reaction-monitoring method,48 quantitative 759 

analysis of pazopanib and haloperidol, that is, the IS, was carried out in negative mode and in positive 760 

mode, respectively. In this context, the quantification was based on selected reaction monitoring using 761 

the m/z 436 → m/z 224 transition for pazopanib and the m/z 376 → m/z 165 transition for haloperidol. 762 

 The LC-MS/MS data were acquired and analysed in Analyst 1.7.2 (SCIEX). The calibration 763 

curves for the rat and human plasma samples were built as quantitation plots of the pazopanib peak 764 

area in the rat CS samples and those of the peak area ratio of pazopanib/haloperidol in the human CS 765 

samples. The curves were fitted to a function by a weighted (1/x2) least-squares linear regression 766 

method. The mass-spectrometric signals obtained in the samples from the rats and patients dosed with 767 

pazopanib were converted via the calibration curves to analyte concentrations. The lower limit of 768 

quantification of pazopanib was 1 µM. 769 
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 770 

Statistics 771 

Means ± SD served as descriptive statistics. No power analysis was performed to determine a needed 772 

sample size beforehand, but our sample sizes were similar to those generally employed in the field. 773 

The statistical methods applied to each series of experiments are mentioned in respective sections of 774 

the Results and Methods. In particular, interclass correlation coefficients, ICC(1, 1) and ICC(1, 30), 775 

which are associated with Figure 3d, were computed in SPSS Statistics 22 (IBM, Armonk, NY). 776 

 777 

Information about the BDD chips, animals, and patients 778 

IDs of the BDD chips, animals, and patients analysed in each experiment in this study are listed in 779 

Supplementary Table 2.  780 
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Figures 

 

 904 

 905 

Figure 1 Electrochemical analysis of pazopanib with plate electrode chips composed of 906 

different materials. 907 

The panels show cyclic voltammograms obtained with a plate-type electrode chip made of 1% boron-908 

doped diamond (BDD) (a; chip ID: A), glassy carbon (GC) (b), or platinum (c). Each chip was set in 909 

a chamber of the tabletop measurement system illustrated in Supplementary Figure 1. Phosphate-910 

buffered saline (PBS) alone (black curves) or 300 µM pazopanib in PBS (magenta curves) was 911 

analysed by the potential protocol described in the insets (sweep rate: 0.1 V s–1, potential window: –912 

1.0 to 1.5 V, initial potential: 0 V versus Ag/AgCl).  913 
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 914 

 915 

Figure 2 Detection of pazopanib in rat plasma with a BDD chip. 916 

In this series of experiments, phosphate-buffered saline (PBS), plasma collected from a rat, and a rat 917 

plasma sample spiked with 300 µM pazopanib were assayed on a boron-doped diamond (BDD) chip 918 

(chip ID: C) in the tabletop system. The chip was pre-treated with a 1 M KOH solution via the potential 919 

protocol for oxygen termination of the surface (initial potential: 0 V vs Ag/AgCl, stepping to 1.0 V for 920 

5 s, stepping to –1.0 V for 20 s, and clamping at 1.0 V for 60 s), and was subjected to cyclic 921 

voltammetry (sweep rate: 0.1 V s–1, potential window: –1.0 to 1.5 V, initial potential: 0 V versus 922 

Ag/AgCl) (for the protocols; see insets). Voltammograms of PBS alone, plasma alone, and plasma 923 

containing the drug are indicated by black, blue, and magenta curves, respectively. Although in panel 924 

a, plasma samples in the presence or absence of pazopanib were directly assayed on the chip, in panel 925 

b, the samples were treated with acetonitrile (ACN) to remove endogenous proteins prior to the 926 

electrochemical measurement (Supplementary Figure 3a).  927 



 53 

 928 

 929 

Figure 3 Optimisation and evaluation of the detection protocol of pazopanib. 930 

a, The optimised potential protocol for electrochemical detection of pazopanib in rat plasma. 931 

The protocol consists of four procedures; (i) ‘pre-conditioning’ chronoamperometry in a 1 M KOH 932 

solution (1 mL) for electrode surface O-termination (initial potential: 0 V versus Ag/AgCl, –1.0 V for 933 

20 s, and 1.0 V for 60 s), (ii) two cycles of cyclic voltammetry in PBS (120 µL) for ‘quality control’ 934 

(sweep rate: 0.1 V s−1, potential window: −1.0 to 1.5 V, initial potential: 0 V), (iii) Osteryoung square 935 

wave stripping (OSWS) voltammetry for ‘measurement’ in a sample (120 µL) (deposition potential: 936 

1.4 V, deposition time: 30 s, potential range: −0.8 to 0.4 V, ∆E: 50 mV, square-wave frequency: 10 937 

Hz, pulse amplitude: 50 mV), and (iv) ‘conditioning’ chronoamperometry in PBS (120 µL) (initial 938 

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 939 
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surface was washed (w/o) with ultrapure water. Procedures (ii) to (iv) were repeated for sequential 940 

multiple-time measurements. 941 

b, Measurements of pazopanib levels in rat plasma by OSWS voltammetry. Plasma samples 942 

spiked with the drug at different concentrations (0–150 µM; inset) were processed by several 943 

procedures including the addition of acetonitrile as depicted in Supplementary Figure 3b before the 944 

electrochemical detection with a boron-doped diamond (BDD) chip (chip ID: D). For each 945 

concentration, slope values obtained at the current amplitudes of −0.35 V and −0.45 V (ΔI/ΔV–0.35 V;–946 

0.45 V; see Figshare 1; DOI: 10.6084/m9.figshare.19313882) are plotted in panel c. 947 

c, The calibration curve. The slope and R2 of the regression line are indicated.  948 

d, Repeatability of measurement with a BDD chip (chip ID: E). In this experiment, the 949 

sequential protocol shown in a was utilised, and ΔI/ΔV–0.35 V;–0.45 V values are plotted in the panel. 950 

Initially, rat plasma alone was assayed twice. Thereafter, plasma containing pazopanib at 10 or 50 µM 951 

was alternately analysed 30 times for each sample. Finally, the control plasma was again analysed 952 

twice. Consequently, 64 measurements were carried out.  953 
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 954 

 955 

Figure 4 Analysis of plasma from rats treated systemically with pazopanib. 956 

Five healthy rats were orally given pazopanib once at the dose of 100 mg mL–1 kg–1 (time point: zero), 957 

and then, whole blood (180 µL) was collected at time points 1, 2, 3, 4, 5, 6, 8, and 24 hr. The extracted 958 

plasma samples were processed by the protocol described in Supplementary Figure 3b and subjected 959 

not only to Osteryoung square wave stripping (OSWS) voltammetry with a boron-doped diamond 960 
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(BDD) chip (chip ID: F) in the tabletop system but also to the measurement by liquid chromatography 961 

coupled with tandem mass spectrometry (LC–MS/MS). Note that before the drug administration, blood 962 

samples were taken three times and analysed with the same method to record the baseline response. 963 

Regarding the experiments in panels a–d, for each rat, ΔI/ΔV–0.35 V;–0.45 V values obtained by OSWS 964 

voltammetry (see Figure 3a) were converted to the concentrations by means of an individual 965 

calibration curve (Supplementary Figure 6a) (Method #1 in the text). Panels a and b are plots of 966 

representative data from a rat (animal ID: Rt02) and averaged values (mean ± SD, n = 5), respectively 967 

[note: for a few animals, LC–MS/MS data at certain time point(s) were lacking; see Supplementary 968 

Figure 7 and Methods]. Panel c is a comparison of the electrochemical and LC–MS/MS 969 

measurements. The solid line represents a linear relation fitted to the data via Deming regression 970 

analysis (slope = 1.053), and the dashed line shows y = x equivalence. Panel d presents Bland–Altman 971 

analysis of the difference between the electrochemical and LC–MS/MS measurements (subtraction of 972 

the former from the latter) plotted as a function of the mean of these values. The solid grey line 973 

indicates the bias (i.e. the mean difference, –4.6 µM), whereas the dashed lines represent the 95% 974 

confidence interval (i.e. the range of 1.96 SD: –26.0 to 16.8 µM). In e−h, the ΔI/ΔV–0.35 V;–0.45 V values 975 

obtained from the rat plasma collected over time are converted to analyte concentrations by a different 976 

method as follows (Method #2 in the text). The ‘general’ slope of the calibration curve was determined 977 

from the linear regression that was derived from the electrochemical data (measurements of 0−150 µM 978 

pazopanib) from all the five rats (Supplementary Figure 6b). Then, for each rat, the average of the 979 
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measurements carried out three times before the drug administration was used as baseline (i.e. 0 µM) 980 

for computing the concentrations. In panels e and f, the electrochemical measurement for Rt02 (e) and 981 

the average data on the five rats (f) are displayed and compared to the LC–MS/MS measurements. 982 

Panels g and h are a scatter plot (slope for Deming regression = 0.9081: solid line, y = x equivalence: 983 

dashed line) and a Bland–Altman plot (bias: 2.7 µM, 95% confidence interval: −16.7 to 22.2 µM), 984 

respectively. In a and e, limits of detection (LODs) determined in the electrochemical assays are shown. 985 
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 986 

 987 

Figure 5 Detection of pazopanib in plasma from orally treated patients. 988 

 a, Monitoring of plasma pazopanib concentrations in individual patients. Eight participants 989 

with sarcoma were given pazopanib at 800, 600, or 400 mg basically once a day (closed, grey, and 990 

open arrowheads, respectively; see the left box) starting from Day 1. Some patients took other drug(s) 991 

before and/or during pazopanib treatment (arrows above the data plots and Figshare 2; DOI: 992 
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10.6084/m9.figshare.19313900). The chemotherapy was discontinued on Day 5 in Pt06 and Pt08 993 

(closed circles); the latter patient resumed the therapy on Day 8. Whole-blood samples (6 mL) were 994 

collected from each patient at four time points; ~20−2 hr before and 2 hr after the first pazopanib 995 

administration and immediately before the administration on the 3rd and 8th days (see the left box) 996 

(except for Pt06, whose final sampling was performed on Day 16). Then, in the extracted plasma 997 

fractions, the concentrations were determined by means of a BDD chip (chip ID: F) in the tabletop 998 

system with ‘Method #2’ (see the text) as analysed in Figure 4e−f (see also Supplementary Figure 999 

3b) as well as by LC–MS/MS. The former analysis involved the ‘general’ calibration curve, which 1000 

represented a summary profile of the calibration curves of all the patients (Supplementary Figure 8a). 1001 

Limits of detection (LODs) obtained in the electrochemical analysis are indicated in each panel. Note 1002 

that in the Pt05 dataset, the LC–MS/MS measurement before the drug administration is missing 1003 

because of a loss of the plasma sample owing to our technical error (see Methods). PIPC: piperacillin, 1004 

TAZ: tazobactam. 1005 

 b, Comparison of the BDD electrochemical measurements and LC–MS/MS analyses. The 1006 

solid line indicates the regression line of Deming’s method (slope = 0.8837), and the dashed line shows 1007 

y = x equivalence. 1008 

 c, The Bland–Altman plot assessing the difference between the two methods. Bias (grey line) 1009 

is 4.4 µM, and the 95% confidence interval (doted lines) is –21.3 to 30.0 µM.  1010 
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 1011 

 1012 

Figure 6 Assessment of the repeatability and reproducibility of the measurements with 1013 

BDD chips. 1014 

In this series of analyses, three different chips (chip IDs: D, E, and F) set in the tabletop system were 1015 

tested with pazopanib (0–150 µM; see the inset in Figure 3b) dissolved in plasma collected from 1016 

individual rats, guinea pigs, or patients with sarcoma; the protocol for the measurements was identical 1017 

to the one described in Figure 3a. Then, the ΔI/ΔV–0.35 V;–0.45 V slope values of the calibration curves 1018 

were determined as depicted in Figure 3c, and these values are indicated in box-and-whisker plots: the 1019 

boxes show a median and the 25th to 75th percentiles, whereas the whiskers represent the lowest and 1020 

highest value in the range between the 25th percentile minus 1.5 interquartile ranges and the 75th 1021 

percentile plus 1.5 interquartile ranges, respectively. The number of the animals and humans analysed 1022 

with each chip is given underneath the bars. Asterisk(s) indicate a significant difference from the rat 1023 

data of chip F (*p < 0.001, **p < 0.0001, Tukey’s multiple-comparison test after one-way ANOVA; 1024 
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ns, not significant). Raw data of the calibration curves analysed for this panel are shown in 1025 

Supplementary Figures 6a, 8b, 9, and 10.  1026 
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 1027 

 1028 

Figure 7 Fabrication and evaluation of a prototype of the portable drug-monitoring 1029 

system. 1030 

 a, The measurement setup. The system is made up of a handheld disk-shaped device 1031 

containing a boron-doped diamond (BDD) chip (left panel, see Supplementary Figure 11), a 1032 

smartphone-shaped potentiostat, and a laptop computer (right panel). 1033 

 b, Repeatability of the measurement. By means of the portable system (chip ID: H), a 1034 

calibration curve was obtained four times using rat plasma spiked with different amounts of pazopanib 1035 

(0–100 µM; Supplementary Figure 12a; for the protocol, see Figure 3a–c), and the ΔI/ΔV–0.35 V;–0.45 1036 

V slope values are plotted in the panel. 1037 

 c, Evaluation of the data from the portable system. In this series of experiments, four healthy 1038 

rats were given pazopanib orally once at the dose of 100 mg mL–1 kg–1. From each rat, ~40 µL of 1039 
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whole blood was collected immediately before and 5 hr after the drug administration, and the plasma 1040 

samples were analysed with the portable system (chip ID: I; for protocols, see Figure 3a–c and 1041 

Supplementary Figure 12b). The ΔI/ΔV–0.35 V;–0.45 V values obtained in the 5 hr samples were 1042 

converted to the concentrations via the calibration curve (Supplementary Figure 12c), which was 1043 

constructed in advance using commercially available rat plasma spiked with different amounts of 1044 

pazopanib (0–100 µM) (Method #2 in the text). In this calculation, the ΔI/ΔV–0.35 V;–0.45 V values before 1045 

the drug administration served as baseline (i.e. 0 µM). In the panel, the concentrations are compared 1046 

to the 5 hr data obtained by the tabletop system (see Figure 4e and Supplementary Figure 7b); p = 1047 

0.11, according to the Mann–Whitney U test; ns: not significant.  1048 
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 1049 

 1050 

Figure 8 Prospects for therapeutic drug monitoring (TDM) with boron-doped diamond 1051 

(BDD) chips. 1052 

Schematic illustration in the right box shows expected TDM with BDD chips in the future. A mobile 1053 

handheld all-in-one biosensor based on a BDD chip measures drug concentration in a few droplets of 1054 

whole blood with short sampling-to-result time: several seconds to a few minutes. The chip can be 1055 

semi-automatically reset multiple times with a washing kit and potential protocols for the conditioning 1056 

and quality control (see Figure 3a). The pharmacokinetic data obtained frequently over time are 1057 

gathered on site in hospitals or clinics or online from patients’ homes, are analysed by medical or 1058 

pharmacological experts or even by artificial intelligence, and are used for personalised control of 1059 
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medication dosage in patients. The BDD chips are transported to the manufacturer, processed via a 1060 

few simple steps described in the left box, and then reused. This strategy with sustainable BDD chips 1061 

is environmentally friendly and may reduce medical costs.  1062 

  1063 
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Tables 

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 Figure 3d. 

 

 

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 eight hours. 

The raw data for this pharmacokinetic analysis are shown in Supplementary Figure 7a.  

 

 

Table 3  Evaluation of each BDD chip’s slope 

 
ΔI/ΔV–0.35 V;–0.45 V 

Standard deviation Mean Coefficient of variation (%) 

Chip D (rat) 0.04 0.35 11.6  

Chip E (rat) 0.01 0.15 7.4 

Chip F (rat) 0.04 0.26 15.3 

Chip F (guinea pig) 0.01 0.27 4.2 

Chip F (human) 0.01 0.30 3.8 

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